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Theory  of  electronic  states  and  optical  absorption 

in  carbon  nanotubes 

Tsuneya  ANDO 

Department  of  Physics,  Tokyo  Institute  of  Technology 
2-12-1  Ookayama,  Meguro-ku,  Tokyo  152-8551,  Japan 


ABSTRACT 

A  brief  review  is  given  of  electronic  and  optical  properties  of  carbon  nanotubes  mainly  from  a  theoretical  point 
of  view.  The  topics  cover  an  effective-mass  description  of  electronic  states,  Aharonov-Bohm  effects,  and  optical 
absorption  including  interaction  effects  on  the  band  structure  gap  and  excitonic  effects. 

Keywords:  graphite,  effective-mass  approximation,  exciton,  Aharonov-Bohm  effect,  band-gap  renormalization 

1.  INTRODUCTION 

Carbon  nanotubes  (CNs)  are  quasi-one-dimensional  materials  made  of  sp2- hybridized  carbon  networks1  and  have 
been  a  subject  of  an  extensive  study.  In  particular,  the  electronic  structure  of  a  single  CN  has  been  studied 
theoretically,  which  predicted  that  CN  becomes  either  metallic  or  semiconducting  depending  on  its  chiral  vector, 
i.e.,  boundary  conditions  in  the  circumference  direction.2-11  These  predictions  have  been  confirmed  by  Raman 
experiments12  and  direct  measurements  of  local  density  of  states  by  scanning  tunneling  spectroscopy.13' 15  The 
purpose  of  this  paper  is  to  give  a  brief  review  of  recent  theoretical  study  on  electronic  and  optical  properties  of 
carbon  nanotubes. 

In  understanding  electronic  properties  of  nanotubes,  a  k*p  method  or  an  effective-mass  approximation11  is 
quite  poweful.  It  has  been  used  successfully  in  the  study  of  wide  varieties  of  electronic  properties  of  CN.  Some  of 
such  examples  are  magnetic  properties16  including  the  Aharonov-Bohm  effect  on  the  band  gap,  optical  absorption 
spectra,1'  exciton  effects,18  lattice  instabilities  in  the  absence19,20  and  presence  of  a  magnetic  field,21  magnetic 
properties  of  ensembles  of  nanotubes,22  effects  of  spin-orbit,  interaction,23  effects  of  lattice  vacancies,24,25  and 
electronic  properties  of  nanotube  caps.26  Long  wavelength  phonons  and  electron-phonon  scattering  have  also 
been  studied.2 '  In  this  paper,  we  shall  discuss  electronic  states  and  optical  spectra  obtained  mainly  in  this  k-p 
scheme. 


2.  ENERGY  BANDS 

2.1.  Neutrino  on  cylinder  surface 

Figure  1  shows  the  lattice  structure  and  the  first  Brillouin  zone  of  a  two-dimensional  (2D)  graphite  together  with 
the  coordinate  systems.  A  unit  cell  contains  two  carbon  atoms  denoted  by  A  and  B.  A  nanotube  is  specified 
by  a  chiral  vector  L  =  nna-j-n6b  with  integer  na  and  and  basis  vectors  a  and  b  (|a|  =  |b|  =  a  =  2.46  A).  In 
the  coordinate  system  fixed  onto  the  graphite  sheet,  we  have  a=(a,  0)  and  b=(— u/2,  \/3a/2).  For  convenience 
we  introduce  another  coordinate  system  where  the  x  direction  is  along  the  circumference  L  and  the  y  direction 
is  along  the  axis  of  CN.  The  direction  of  L  is  denoted  by  the  chiral  angle  rf.  It  should  be  noted  that  there  is 
another  convention  of  choosing  the  basis  vectors  ai  and  a2  instead  of  a  and  b  such  that  ai  =a+b  and  a2  =  b. 

A  graphite  sheet  is  a  zero-gap  semiconductor  in  the  sense  that  the  conduction  and  valence  bands  consisting  of 
7T  states  cross  at  K  and  K’  points  of  the  Brillouin  zone,  whose  wave  vectors  are  given  by  K  =  (2tt/o)(1/3,  1/  \/3)  and 
K/  =  (2tt/o)(2/3,0). 28,29  Electronic  states  near  a  K  point  of  2D  graphite  are  described  by  the  k-p  equation: 11,30 

-y(ff.k)F(r)  =  ffF(r),  F(r)=  ,  (1) 
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Figure  1.  Left:  Lattice  structure  of  two-dimensional  graphite  sheet,  r?  is  the  chiral  angle.  The  coordinates  are  chosen  in 
such  a  way  that  x  is  along  the  circumference  of  a  nano  tube  and  y  is  along  the  axis.  Right- top:  The  first  Brillouin  zone 
and  K  and  K*  points.  Right-bottom:  The  coordinates  for  a  nanotube. 


where  7  is  the  band  parameter,  k=(kx,ky)  is  a  wave- vector  operator,  £  is  the  energy,  and  crx  and  ay  are  the 
Pauli  spin  matrices.  Equation  (1)  has  the  form  of  Weyl’s  equation  for  neutrinos,  i.e.,  relativistic  Diiac  elections 
with  vanishing  rest  mass.  Figure  2  shows  the  energy  dispersion  and  the  density  of  states  schematically. 

The  electronic  states  in  a  nanotube  can  be  obtained  by  imposing  the  periodic  boundary  condition  in  the 
circumference  direction  $(r+L)  =  'l'(r)  except  for  extremely  thin  CNs.  The  Bloch  functions  at  a  K  point  change 
their  phase  by  exp(iK-L)  =  exp(27ri^/3),  where  u  is  an  integer  defined  by  na  +  nb  =  3 M  +  v  with  integer  M 
and  can  take  0  and  ±1.  Because  ®(r)  is  written  as  a  product  of  the  Bloch  function  and  the  envelope  function, 
i.e.,  the  neutrino  wave  function,  this  phase  change  should  be  canceled  by  that  of  the  envelope  functions  and 
the  boundary  conditions  become  F(r  +  L)  =  F(r)  exp(— 2tt2i//3).  The  extra  phase  can  be  regarded  as  a  fictitious 
Aharonov-Bohm  flux  passing  through  the  cross  section  of  CN. 

Energy  levels  in  CN  for  the  K  point  are  obtained  by  putting  kx  =  Ku(n)  with  K»(n)  =  (2n/L)[n-  (v/3)}  and 
ky  =  k  in  the  above  k-p  equation  as  s^(n,  fc)  =  ±q  \/K^(n)2+it2,11  where  L=|L|,  n  is  an  integer,  and  the  upper 
(+)  and  lower  (-)  signs  represent  the  conduction  and  valence  bands,  respectively.  The  Hamiltonian  and  the 
boundary  condition  for  the  K’  point  are  obtained  by'  replacing  ky  by  —ky  and  v  by  —v*  This  shows  that  CN 
becomes  metallic  for  v~  0  and  semiconducting  with  gap  EQ  —  \'K^jZL  for  u  =  ±  1.  Figure  3  shows  a  schematic 
illustration  of  the  bands  for  u  =  0  and  +1  in  the  vicinity  of  the  K  point. 


Figure  2.  The  energy  dispersion  and  density  of  states  in  the  vicinity  of  K  and  K’  points  obtained  in  a  k-p  scheme 
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Figure  3.  Energy  bands  of  a  nanotube  obtained  in  the  effective-mass  approximation  for  u  =  0  (left)  and  is=-\ j-1  (right) 


2.2.  Aharonov-Bohm  effect 


In  the  presence  of  a  magnetic  flux  d  passing  through  the  cross  section  of  CN,  the  boundary  condition  changes 
into  T(r  +  L)  =  T(r)  exp(2Ki^p)  with  <p  =  0/6oi  where  <f> o  =  ch/e  is  the  magnetic  flux  quantum.  Consequently, 
Kv(n)  is  replaced  b}'  Kv^{n)  with 


(”)“=f  (n+v_l)- 


(2) 


The  corresponding  result  for  the  K’  point  is  again  obtained  by  the  replacement  The  band  gap  exhibits 

an  oscillation  between  0  and  27rq /L  with  period  do  as  is  shown  in  Fig.  4. 11,31  This  giant  Aharonov-Bohm  (AB) 
effect  on  the  band  gap  is  a  unique  property  of  CN’s.  The  AB  effect  appears  also  in  a  tunneling  conductance 
across  a  finite- length  CN.32 

This  AB  effect  was  shown  to  be  responsible  for  observed  oscillation  of  the  resistance  in  multi- wall  nanotubes.33 
Quite  recently,  splitting  of  the  band  gap  in  semiconducting  tubes  in  the  presence  of  magnetic  flux  was  observed 
directly  in  optical  absorption  spectra  of  single- wall  CN’s.34 


2.3.  Topological  singularity  and  absence  of  backward  scattering 

The  wave  function  in  the  2D  graphite  is  written  explicitly  as 

1  /  ei0(k)  \ 

Fsk  =  I  s  )  exp(zk-r), 


(3) 


where  0(k)  is  the  direction  angle  of  k  and  s  =  +1  and  —1  for  the  conduction  and  valence  band,  respectively. 
This  wave  function  acquires  Berry’s  phase  —  tt  when  the  wave  vector  k  is  rotated  around  the  origin  k  =  0, 
although  it  looks  continuous  as  a  function  of  k.35- 36  In  fact,  when  k  is  rotated  once  in  the  anticlockwise  direction 
adiabatically  as  a  function  of  time  t  for  a  time  interval  0  <  t  <  T  with  k(T)  =  k(0),  the  wavefunction  Fsk  is 
changed  into  Fskexp(— zd)>  where  v  is  Berry’s  phase  given  by 


V  : 


ll  *(8k(,)lslsk(,)) 


(4) 


This  is  equivalent  to  the  well-known  signature  change  of  the  spinor  wave  function  or  a  spin  rotation  operator 
under  a  rotation. 

It  should  be  noted  that  v  =  —tt  when  the  closed  contour  encircles  the  origin  k  =  0  but  d  =  0  when  the  contour 
does  not  contain  k=0.  Further,  the  wave  function  at  k  =  0  depends  on  the  direction  of  k  and  its  “spin”  direction 
is  undefined.  These  facts  show  the  presence  of  a  topological  singularity  at  k  =  0.  The  nontrivial  Berry’s  phase 
leads  to  the  unique  property  of  a  metallic  carbon  nanotube  that  there  exists  no  backscattering  and  the  tube  is 
a  perfect  conductor  even  in  the  presence  of  scatterers.35,3'  In  fact,  it  has  been  proved  that  the  Born  series  for 
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Magnetic  Flux  (units  of  (j>0) 

Figure  4.  A  schematic  illustration  of  magnetic  flux  passing  through  a  tube  cross  section  (left)  and  energy  gap  versus  the 
flux  for  metallic  (i'  =  0)  and  semiconducting  (^  =  ±1)  CN  (right). 


backscattering  vanish  identically  and  the  conductance  calculated  exactly  for  finite-length  nanotubes  containing 
many  impurities  has  shown  to  be  given  by  2e~  / independent  of  length.’3”  The  absence  of  backscatteiing  has 
been  confirmed  also  by  numerical  calculations  in  a  tight  binding  model.38 

Backscattering  corresponds  to  a  rotation  of  the  k  direction  by  ±7r.  In  the  absence  of  a  magnetic  field,  theie 
exists  a  time  reversal  process  corresponding  to  each  backscattering.  This  process  corresponds  to  a  rotation  by 
±7r  in  the  opposite  direction.  The  scattering  amplitudes  of  these  two  processes  are  same  in  the  absolute  value 
but  have  opposite  signatures  because  of  Berry’s  phase.  As  a  result,  the  backscattering  amplitude  cancels  out 
completely.  In  semiconducting  nanotubes,  on  the  other  hand,  backscattering  appears  because  the  s j  mmeti  y  is 
destroyed' by  a  nonzero  Aharonov-Bohm  magnetic  flux.  The  singularity  causes  also  the  appearance  of  a  perfectly 
conducting  channel  and  makes  the  conductivity  infinite  even  in  the  presence  of  several  bands  at  the  Fermi  level.’  • 
It  gives  rise  to  various  zero-mode  anomalies  in  transport  properties  of  2D  graphite.40- 41 


3.  OPTICAL  ABSORPTION,  BAND  GAPS,  AND  EXCITONS 
3.1.  Polarization  and  selection  rules 

The  optical  absorption  is  described  by  a  dynamical  conductivity  obtained  in  a  linear  response  theory.1'  We  first 
expand  electric  field  Ea(6, ui)  and  induced  current  density  ja(0,uj)  into  a  Fourier  series: 

Ea(0,oj)  ='^rEla(uj)exp(iW-iojt),  ja{0,u)  jla(u)exp(il6-iut),  (5) 

i  i 

with  a  =  x,y  and  d  =  2nx/L.  It  is  quite  straightforward  to  show  that  the  induced  current  has  the  same  Fourier 
component  as  that  of  the  electric  field,  i.e..  jla(uj)  =  (rlaa(u.')Ela(oj).  The  dynamical  conductivity  is  given  by 


nk 


iLA[s^(k)~ (*)]  [4+)  (k) (A-)]2  -  (M2 -  i* Vr 


(6) 


where  A  is  the  length  of  the  nanotube,  the  current-density  operator  is  given  by  jla  =  -(err/h)<rae  lW,  a  phe- 
nomenological  relaxation  time  r  has  been  introduced,  and  f(e)  is  the  Fermi  distribution  function. 

When  external  electric  field  D  is  polarized  along  the  CN  axis,  the  Fourierjcomponents  of  a  total  field  are 
Ely  =  DySt. 0  and  the  absorption  is  proportional  to  Recryy(o;)  with  <ryy(u; )  =  a^°(u;).  It  can  be  seen  from  Eq. 
(6)  that  transitions  occur  between  valence  and  conduction  bands  with  the  same  band  index  n.  At  a  band  edge 
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Figure  5.  The  band  structures  of  a  metallic  and  semiconducting  CN.  The  allowed  optical  transitions  for  the  parallel 
polarization  are  denoted  by  arrows  in  the  upper  figure  and  those  for  the  perpendicular  polarization  in  the  lower  figure. 


k  =  0,  in  particular,  the  envelope  function  is  given  by  an  eigenvector  of  a  Pauli  matrix  ax .  Because  the  current 
operator  jy  is  proportional  to  <ry,  the  transitions  at  their  edges  are  all  allowed. 

The  situation  becomes  much  more  complicated  when  an  external  electric  field  is  polarized  in  the  direction 
perpendicular  to  the  CN  axis.  In  this  case,  effects  of  an  electric  field  induced  by  the  polarization  of  nanotubes 
should  be  considered.  This  depolarization  effect  can  be  calculated  also  in  the  k-p  scheme. 

Suppose  an  external  electric  field  D^e116^^  is  applied  in  the  direction  normal  to  the  tube  axis  and  let  jlx 
be  the  induced  current.  Then,  the  corresponding  induced  charge  density  localized  on  the  cylindrical  surface 
is  calculated  as  pl  =  (2t r/L)(l/uj)jlx  with  the  use  of  the  equation  of  continuity.  This  charge  leads  to  potential 
<pl  —  (L/n\l\)pl  or  electric  field  Elx  =  —  i(2n / k,L)Io1  .  The  static  dielectric  constant  n  describes  polarization  of 
states  (a  and  tt  bands)  except  those  lying  in  the  vicinity  of  the  Fermi  level.  It  is  expected  to  be  in  the  range 
1  <  k  <  10,  but  its  exact  value  is  not  known.  Thus,  the  total  electric  field  becomes  Elx  =  Dl  —  i\l\{&n2  /  KLu))jx, 
which  leads  with  the  use  of  jx  =  alxxElx  to  jlx=crlxxDlx,  where 

^x=a'xx(l+i\l\^alxx)  \  (7) 

For  the  light-polarization  perpendicular  to  the  tube  axis,  its  field  is  written  as  D  =  (Dx  sin#,  0).  The  absorp¬ 
tion  in  a  unit  area  is  then  proportional  to  Re(jxEx)  (xRecrXJC(u;)  with  dxx  =  a1^1  According  to  Eq.  (6) 

the  absorption  occurs  between  the  valence  band  with  index  n  and  the  conduction  bands  with  nil. 

Let  us  consider  a  spectral  edge  corresponding  to  k  =  0,  for  which  the  eigenstates  are  those  of  a  Pauli  matrix 
c rx.  Because  the  current  operator  is  proportional  to  crx,  transitions  between  valence-  and  conduction-band  states 
become  allowed  only  when  Ku^(n)  and  ^^(nil)  have  a  sign  opposite  to  each  other.  This  leads  to  the  conclusion 
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in  a  metallic  CN,  for  example,  that  transitions  from  n  =  0  to  n=  -1  and  from  n=-l  to  n  =  0  are  allowed  as  shown 
in  Fig.  5.  When  the  depolarization  effect  is  included,  however,  these  peaks  disappear  almost  completely  because 
most  of  their  intensity  is  transferred  to  interband  plasmons  with  much  higher  energy.1'  Therefore,  interband 
optical  transitions  among  valence  and  conduction  bands  near  the  Fermi  level  is  observable  only  for  polarization 
parallel  to  the  tube  axis. 

3.2.  Band  gap  renormalization  and  excitons 

One  important  problem  is  a  many-body  effect  on  the  band  structure  and  optical  absoiption  spectrum.  In  fact, 
band  gaps  are  likely  to  be  influenced  strongly  by  electron-electron  interactions.  Fuither,  the  exciton  binding 
energy  becomes  infinite  in  the  limit  of  an  ideal  one-dimensional  electron-hole  system.42’43  This  means  that  the 
exciton  effect  can  be  quite  important  and  modify  the  absorption  spectra  drastically.  The  band-gap  renormal¬ 
ization  and  optical  spectra  with  exciton  effects  have  been  calculated  in  the  conventional  screened  Hartree-Fock 
approximation  within  a  k-p  scheme.18 

The  strength  of  the  Coulomb  interaction  is  specified  by  (e2/nL)/(2n^/L),  which  turns  out  to  be  independent 
of  the  circumference  length  L.  In  the  k’p  scheme,  therefore,  all  physical  quantities  become  almost  universal  if  the 
length  is  scaled  by  L  and  the  energy  by  2i n/L.  This  parameter  is  estimated  as  (e2/KL)(27r7/L)-1  =  0.3545xK-1 
for  7  =  6.46  eV'A,  which  corresponds  to  7=\/3g|7o|/2  with  70  =  — 3.03  eV  and  o  =  2.46  A. 

Figure  6  shows  some  examples  of  calculated  exciton  energy  levels  for  a  semiconducting  CN  (p  =  1)  versus  the 
strength  of  the  Coulomb  interaction  in  the  left  hand  side.  With  the  increase  of  the  interaction,  the  number  of 
exciton  bound  states  increases  and  their  energy  levels  are  shifted  to  the  higher  energy  side  in  spite  of  the  fact 
that  their  binding  energy  increases.  The  reason  is  in  the  considerable  enhancement  of  the  band  gap  due  to  the 
Coulomb  interaction.  It  is  interesting  to  notice  that  the  energy  of  the  lowest  excitonic  state  varies  very  little  as 
a  function  of  the  strength  of  the  Coulomb  interaction. 

Figure  6  shows  calculated  absorption  spectra  in  a  semiconducting  CN  for  {e2  /  kL)/(2-k~)' /  L)-0.\  in  the  right 
hand  side.  The  energy  levels  of  excitons  are  denoted  by  vertical  straight  lines.  The  considerable  optical  intensity 
is  transferred  to  the  lowest  exciton  bound  states.  For  a  sufficiently  larger  strength  of  the  Coulomb  interaction, 
transitions  to  exciton  excited  states  become  appreciable. 


Coulomb  Energy  (units  of  2jty/L) 


Figure  6.  Interband  excitation  spectra  calculated  in  a  screened  Hartree-Fock  approximation  (left)  and  examples  of 
interband  optical  absorption  spectra  in  the  presence  of  electron-electron  interaction  (right). 
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In  addition  to  excitons  associated  with  the  highest  valence  and  the  lowest  conduction  bands  (n  =  0),  exciton 
effects  are  important  for  transitions  to  excited  bands.  In  fact,  the  exciton  binding  energy  and  the  intensity 
transfer  is  larger  for  the  transition  to  the  higher  conduction  band  (n  =  1)  than  those  with  n  =  0.  This  arises 
because  the  effective  mass  along  the  axis  direction  for  the  conduction  and  valence  bands  with  n  =  1  is  twice  as 
large  as  that  of  the  lowest  conduction  band  and  the  highest  valence  band  with  n  =  0. 

It  turned  out  that  interaction  effects  on  the  band  gap  are  almost  independent  of  n  =  0  and  n=  1  and  the 
exciton  energy  is  almost  as  large  as  the  band-gap  renormalization  for  the  bands  with  larger  optical  gap  n=  1.  As 
a  result,  the  absorption  peak  stays  almost  at  the  corresponding  band  gap  in  the  absence  of  interaction  for  n=l 
and  exciton  effects  independent  of  the  interaction  strength  and  the  energy  difference  between  the  absorption 
peaks  for  n~ 0  and  n  =  1  becomes  smaller  than  that  in  the  absence  of  interactions. 

Optical  absorption  spectra  of  thin  film  samples  of  single-wall  nanotubes  were  observed  quite  recently  and 
analyzed  by  assuming  a  distribution  of  their  chirality  and  diameter.44  Careful  comparison  of  the  observed  spec¬ 
trum  with  calculated  in  a  simple  tight-binding  model  suggested  the  importance  of  excitonic  effects.45  In  fact, 
comparing  the  observed  spectrum  with  the  calculated  one  in  the  fundamental  absorption  region,  the  observed 
absorption  band  for  n  =  0  lies  at  an  energy  higher  than  half  of  the  band  for  n  =  l.  The  results  can  roughly  be 
explained  by  the  theoretical  result  for  (e2  /  kL)/ {2^  /  L)  ~0.05.  This  strongly  suggests  that  the  exciton  effect  to¬ 
gether  with  the  band-gap  renormalization  plays  an  important  role  in  the  optical  transition  near  the  fundamental 
absorption  edge  in  semiconducting  nanotubes. 

3.3.  Interaction  effects  on  band  structure 

In  the  screened  Hartree-Fock  approximation  discussed  above,  a  dielectric  function  appearing  in  the  self-energy  is 
replaced  by  the  static  one  and  therefore  dynamical  effects  such  as  coupling  with  charge  density  excitations  are  not 
taken  into  consideration  explicitly.  Quite  recently,  calculations  were  performed  in  a  full  dynamical  random-phase 
approximation  (RPA)  46,47  often  called  the  GW  approximation,48 

In  RPA,  the  Coulomb  interaction  appearing  in  the  self-energy  diagram  £ns(/e,  s)  is  screened  by  the  dynamical 
dielectric  function  sn~m(q,uj).  The  self-energy  diverges  logarithmically  and  therefore  a  cutoff  function  go(s)  = 
scc/(\e\ac  +£cc)  *s  introduced  so  as  to  exclude  contributions  from  states  far  away  from  the  Fermi  level.  The 
cutoff  energy  sc  is  of  the  order  of  the  width  of  the  it  bands  in  2D  graphite. 

The  single-particle  energy  Ens(k)  is  calculated  by  Ens(k)  =  £n\k)+'Ens(k,Sn  (k))  with  s  =  ±.  Originally,  it 
is  determined  by  the  equation  obtained  from  the  above  by  the  replacement  of  S ns(k,ssn(k))  by  Ens(k)  Ens  m. 
However,  the  present  procedure  is  known  to  give  more  accurate  results  if  the  self-energy  is  calculated  only  in  the 
lowest  order.49,50  Using  the  single-particle  energy,  we  evaluate  the  band  gap  An  which  is  defined  by  the  energy 
difference  at  k  =  0  between  conduction  and  valence  bands  of  the  same  index  n  as  =  £^+(0)  -En-(0).  The 
cutoff  parameters  are  chosen  as  ec/(2n^/L)  =  5  and  ac  =  4. 

Figure  7  gives  the  gap  of  the  first  parabolic  band  in  a  metallic  CN  and  the  first  and  second  band  gap  for  a 
semiconducting  CN.  In  the  regime  of  very  weak  interaction  (e2 /kL)/(2tt^/ L)  <0.05,  the  band  gap  increases  with 
the  interaction  strength  in  both  metallic  and  semiconducting  CN’s.  With  the  further  increase  of  the  interaction, 
however,  the  gap  in  a  metallic  CN  starts  to  decease  after  taking  a  maximum  at  around  (e2 /kL)/(2ttj/L)^0.15, 
while  that  in  a  semiconducting  CN  continues  to  increase. 

In  the  weak  interaction  regime  (e2 / kL) / (2^ / L)  <0.2 :  dynamical  effects  on  the  band  gap  are  small  and  the 
static  RPA  works  well.  When  the  interaction  is  stronger,  the  difference  between  the  dynamical  and  static  RPA 
becomes  larger  in  a  metallic  CN  than  in  a  semiconducting  CN.  The  shift  in  the  gaps  of  a  semiconducting  CN 
is  nearly  independent  of  the  band.  This  shows  that  the  interaction  effects  cannot  be  absorbed  into  a  simple 
renormalization  of  the  band  parameter  7. 

Figure  8  shows  the  band  gaps  for  a  semiconducting  CN  for  different  cutoffs,  sc/(2ny/L)  =  2.5,  5.0,  and  10. 
The  band  gap  scaled  by  2nj/L  increases  logarithmically  with  the  increase  of  the  cutoff  energy.  This  logarithmic 
cutoff  dependence  means  that  the  band-gap  enhancement  increases  slightly  (logarithmically)  with  the  increase 
of  the  CN  diameter  if  being  scaled  by  2n 7/L.  Unfortunately,  experimental  measurements  of  band  gaps  have 
not  been  accurate  enough  to  make  detailed  comparison  possible  so  far.  Note  that  such  logarithmic  dependence 
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Figure  7.  (Left)  Calculated  gap  of  a  parabolic  bands  (n  =  ±1)  in  a  metallic  CN  (M)  and  first  and  second  gaps  of  a 
semiconducting  CN  (S)  versus  the  effective  strength  of  the  Coulomb  interaction. 

Figure  8.  (Right)  The  cutoff-energy  dependence  of  the  gap  in  a  semiconducting  nanotube.  The  gap  increases  logarith¬ 
mically  with  the  thickness  after  being  scaled  by  2 n^/L. 


on  the  diameter  cannot  be  reproduced  in  the  conventional  local-density  approximation  used  in  fiist  piinciples 
calculations. 

If  we  employ  the  same  scheme,  we  can  calculate  the  self-energ3r  for  the  linear  bands  with  n  =  0  in  metallic 
CN’s,  giving  a  gapless  linear  band  with  a  renormalized  velocity.  In  fact,  although  each  term  of  perturbation 
expansion  of  the  self-energy  is  known  to  exhibit  a  divergence,  the  RPA  self-energy  itself  does  not  diverge  because 
of  the  cancellation  of  a  divergent  polarization  function.  This  result  is  in  clear  contradiction  with  the  fact  that  only 
a  charge-density  and  a  spin-density  excitation  can  exist  and  there  are  no  well-defined  quasi-particle  excitations 
in  systems  with  a  linear  dispersion,51*52  leading  to  the  breakdown  of  the  Fermi  liquid  picture. 

This  apparent  inconsistency  arises  from  the  way  of  determining  the  quasi-particle  energy  from  the  self-energy. 
Even  in  RPA,  the  spectral  function  (the  imaginary  part  of  the  Gi'een’s  function)  exhibits  double  shaip  peaks  in 
a  system  with  only  metallic  linear  bands  as  shown  in  Fig.  9.  This  peak  splitting,  into  charge-density  and  spin- 
densitv  excitations  presumably,  is  a  result  of  the  divergent  behavior  of  the  polarization  function  and  qualitative^ 
in  agreement  with  that  of  the  spectral  function  for  a  Tomonaga-Luttinger  liquid  reported  in  refs.  53  and  54.  For 
the  parabolic  bands  both  in  semiconducting  and  metallic  CN’s,  no  singular  behavior  appears  in  the  polarization 
function  and  therefore  quasi- particle  states  are  expected  to  give  a  good  picture  of  their  low-energy  excitations. 

4.  SUMMARY  AND  CONCLUSION 

In  summary,  an  electron  in  a  nanotube  is  a  massless  neutrino  on  a  cylinder  surface  with  a  fictitious  Aharonov- 
Bohm  flux  determined  by  its  structure.  A  nanotube  becomes  a  metal  or  a  semiconductor,  depending  on  whether 
the  amount  of  the  flux  vanishes  or  not.  In  the  presence  of  an  external  magnetic  flux,  the  band  structui e  changes 
due  to  a  large  Aharonov-Bohm  effect.  One  important  feature  of  the  neutrino  equation  is  the  presence  of  a 
topological  singularity  at  the  origin  of  the  wave- vector  space,  leading  to  the  absence  of  backward  scattering  and 
the  presence  of  a  perfectly  conducting  channel  even  in  the  presence  of  scatterers. 
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Energy  (units  of  2jty/L) 


Figure  9.  An  example  of  the  spectral  function  in  a  single  linear-band  model  calculated  in  RPA.  The  energy  of  the  first 
peak  corresponds  well  to  the  spin-density  excitation  and  the  second  to  the  charge-density  excitation. 


Optical  absorptions  are  appreciable  only  for  polarization  parallel  to  the  axis.  Because  of  the  dimensionality  of 
a  nanotube,  excitonic  effects  are  expected  to  play  important  roles  in  optical  spectra.  Explicit  calculations  of  the 
band  structure  with  the  inclusion  of  effects  of  electron-electron  interactions  in  several  approximation  schemes 
demonstrate  a  considerable  band-gap  enhancement  depending  on  the  strength  of  a  dimensionless  interaction 
parameter.  Calculations  of  optical  excitation  spectra  show  that  excitonic  effects  can  also  be  important. 
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morphogenesis  and  applications  in  nano-optoelectronics 
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ABSTRACT 

Inorganic  single  crystal  nanowires  and  nanowalls  which  exhibit  rich  growth  morphogenesis  are  shown.  More 
specifically,  these  were  grown  on  lattice-matched  substrates,  which  facilitate  their  specific  growth  directions  with 
respect  to  the  substrates'  planes.  Structural  and  optical  characterizations  suggest  high  single  crystallinity  of  these 
nanostructures  and  possible  applications  in  nano-optoelectronics  are  discussed. 

Keywords:  nanowires,  nanowalls,  inorganic,  directional  growth,  zinc  oxide,  indium  oxide,  tin  oxide,  metal  oxide, 
resonance  Raman  spectroscopy,  photoluminescence  spectroscopy 

1.  INTRODUCTION 

Wide  band  gap  metal  oxides  such  as  ZnO,  Zr02,  Sn02,  ln203,  and  CdO  have  important  roles  in  numerous  applications 
ranging  from  energy  storage/conversion1,  liquid  crystal  displays2,  gas  sensors3  to  microelectronics4.  In  particular,  the 
single  crystalline  form  of  these  materials  has  been  explored  recently  in  nanoscale  science  and  technology.  More  recently, 
research  and  development  have  been  conducted  on  metal  oxide  nanostructures,  predominantly  in  the  form  of  nanowires, 
for  potential  applications  in  high-sensitivity  sensor,  optoelectronic,  field-emission,  electronic,  and  memory  devices. >7 

Various  synthesis  approaches  have  been  demonstrated,  which  include  vapor  transport8  and  laser  ablation9  on  a  variety  of 
substrates.  However,  common  to  other  nanowire  syntheses,  growth  directionality  control  (with  respect  to  the  substrate) 
and  direct  integration  (on  the  same  substrate)  into  functional  devices  remain  as  two  significant  challenges.  To  realize  and 
maximize  the  true  potential  of  these  nanostructures  for  advanced  applications  in  nanoelectronics  and  optoelectronics, 
reproducible  synthesis  of  1 -dimensional  (D)  nanowires  with  controlled  directionality  and  morphology  is  critical.  Equally 
important,  a  means  of  providing  ideal  and  direct  electrical  interface  to  the  nanowires  without  disrupting  their  structural 
integrity  would  facilitate  subsequent  nanoscale  device  integration  and  help  achieving  good  device  performance. 

To  avoid  the  usual  pick-and-place  methods  of  manipulating  and  aligning  horizontally  lying  nanowires  to  fabricate 
prototype  testing  platforms,1011  a  proposed  solution  is  to  grow  single  crystalline  nanowires  epitaxially  on  a  lattice- 
matched  substrate  with  the  major  nanowire  growth  direction  orthogonal  to  the  substrate  plane  and  to  use  this  integrated 
platform  for  direct  device  fabrication.  Ideally,  the  substrate  should  be  electrically  conductive. 

In  this  work,  we  show  the  controlled  synthesis  of  directional  metal  oxide  nanowires  on  single  crystal  or  well-defined 
substrates.  By  tweaking  the  growth  conditions,  quasi-3D  nanostructures,  for  example  a  matrix  consisting  of  ZnO 
nanowires  and  nanowalls,  can  be  obtained  on  these  substrates  easily  and  reproducibly.  The  structural  and  optical 
properties  of  the  nanowires  were  characterized  to  reveal  their  high  single  crystallinity. 

2.  EXPERIMENTAL 

In  the  synthesis  of  the  metal  oxide  nanowires,  carbothermal  reduction  followed  by  catalyst-mediated  heteroepitaxial 
growth  was  used12.  In  general,  powdered  metal  oxide  was  pulverized  and  mixed  thoroughly  with  graphite  powder 
(99.99%  purity)  in  a  1:1  weight  ratio.  The  mixture  was  then  placed  upstream  of  a  substrate  inside  a  horizontal  tube 
furnace.  The  substrate  was  coated  with  2  nm  thickness  of  catalyst,  for  example  gold  via  ion  beam  sputtering.  Uniform 
nanowire  growth  was  achieved  at  respective  temperatures  with  argon  (Ar,  99.999%)  as  the  carrier  gas. 
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Field-emission  scanning  electron  microscopy  (SEM)  analysis  was  performed  using  a  field  emission  Hitachi  S4000  while 
transmission  electron  microscopy  (TEM)  analysis  was  performed  using  a  Phillips  CM20  with  an  accelerating  voltage  of 
200  kV. 

hi  the  photoluminescence  spectroscopy,  the  photoluminescence  signals  of  the  nanowires  at  room  temperature  were 
generated  in  the  backscattering  geometry  by  excitation  with  the  325  nra  line  of  a  He-Cd  laser  and  were  dispersed  by  a 
lm  double-grating  monochromator  before  being  detected  by  a  GaAs  detector. 

UV  resonant  Raman  scattering  was  performed  with  a  Renishaw  microspectrometer  with  a  3600  grooves/mm  grating  in 
the  backscattering  configuration.  A  He-Cd  laser  (X  =  325  mu)  was  used  as  the  excitation  source.  The  spectrum  was  taken 
with  60  s  accumulation  from  a  2  pm2  spot. 

3.  RESULTS  AND  DISCUSSION 

Using  a  combination  of  carbothermal  reduction  and  catalyzed-assisted  heteroepitaxial  deposition  approach,  a  variety  of 
metal  oxide  nanowires  such  as  ZnO,  Sn02  and  ln203  can  be  obtained  successfully.  Figure  1  shows  a  typical  SEM  image 
of  as-grown  ZnO  nanowire  arrays  on  a  m-sapphire  substrate.  A  majority  of  the  nanowires  grow  into  regular  and  yet 
intricate  arrays,  with  their  longitudinal  axes  making  an  angle  of  -  30  degrees  with  the  substrate  normal.  From  the 
corresponding  top  view,  the  arrays  present  themselves  in  a  relatively  well-aligned  geometry,  with  the  end  planes 
exhibiting  either  regular  or  distorted  hexagonal  facets.  When  an  o-sapphire  substrate  or  highly  oriented  pyrolytic 
graphite  (HOPG)  are  used,  vertical  ZnO  nanowires  are  obtained  as  shown  in  Fig.  2.  due  to  the  ideal  lattice-match 
between  the  epitaxial  (0001)  plane  of  ZnO  and  that  of  the  substrates.1213 


Fig.  1 .  FE-SEM  images  of  ZnO  nanowire  arrays  on  m-sapphire  substrates,  (a)  Perspective  (45°)  SEM  image:  (b)  A  zoom-in  SEM 
image  and  (c)  a  top  view  SEM  image,  showing  the  characteristic  hexagonal  cross-section  of  the  nanowires. 


could  be  clearly  observed  in  (b). 

Further  evidences  of  interfacial  effect  on  the  directional  growth  of  nanowires  could  also  be  observed  in  the  case  of  In- 
doped  Sn02  nanowires.  Representative  SEM  images  (top  views)  of  mesh-like  In-Sn02  nanowire  networks  are  shown  in 
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Fig.  3a  and  b.  These  networks  present  complex  3D  structures  comprising  of  individual  nanowires;  in  contrast  with 
previous  SnO  networks  which  involve  a  different  growth  mode14,  leading  to  structurally  connected  junctions. 


Fig.  3.  (a)  Top  view  SEM  image  of  In-Sn02  nanowires  on  a-sapphire.  (b)  Top  view  SEM  image  of  similar  nanowires  on 
w-sapphire.  (c)  Epitaxial  relationship  of  a  unit  cell  of  (110)  Sn02  with  that  of  a-sapphire  and  (d)  on  ///-sapphire.  Red 
circles  represent  the  oxygen  atoms  of  sapphire  while  those  in  solid  grey  refer  to  the  tin  atoms  of  Sn02.  (e)  A  TEM  image 
showing  the  catalytic  head  at  the  terminating  front  of  the  nanowire,  (f)  A  selective-area  electron  diffraction  pattern  of  the 
nanowire. 


The  nanowires  are  observed  to  project  at  -  45  degrees  with  respect  to  the  substrate  normal.  Pseudo  three-  and  four-fold 
symmetries,  as  indicated  respectively  by  green  arrows,  are  observed.  Since  the  In-Sn02  nanowires  possess  a  tetragonal 
rutile  structure  with  preferred  growth  direction  along  the  [100]  direction  (see  Fig.  3  (e)),  minimum  epitaxial  lattice 
mismatch  with  (110)  ( a  face)  of  optical  sapphire  could  be  achieved  with  its  (110)  plane  as  shown  in  Fig.  3(c).  The  unit 
cell  of  (110)  Sn02,  represented  by  the  grey  Sn  atoms  with  lattice  constants  a  and  b ,  is  found  to  match  reasonably  well 
along  three  different  directions  (also  the  directions  of  (100)  plane  with  respect  to  (110))  with  that  of  the  a-sapphire 
(lattice  constants  a  and  b)  and  found  to  agree  with  the  experimental  values. 

Lattice  mismatches  between  Z>a,  ca  and  na  are  calculated  to  be  ~  6.03%,  ~  6.03%  and  ~  8.92%  respectively  with  6\  =  A 
(~  64.56°)  and  6i  ~  50.88.  These  geometrical  angles  agree  well  with  the  experimental  values.  Due  to  mirror  images  of 
the  unit  cell,  nanowires  can  be  grown  in  opposite  directions  along  each  x,  y  and  z  directions.  On  (100)  sapphire  (///  face), 
however,  preferred  lattice  matches  with  Sn02  (110)  are  found  only  along  two  major  directions  which  are  orthogonal  to 
each  other.  Lattice  mismatches  between  2yy  and.vy  are  ~  1.89  %  and  ~  3.14  %,  comparatively  lower  than  on  a-sapphire. 
This  evidently  explains  the  different  directional  growth  phenomena  and  the  more  favorable  growth  leading  to  higher 
nano  wire  density  in  the  latter.  The  angle  between  (110)  and  (100)  of  Sn02  is  calculated  to  be  exactly  45°,  which 
coincides  well  with  the  nanowires’  projected  angles.  The  high  single  crystallinity  of  the  In-Sn02  nanowire  can  be 
indirectly  inferred  from  the  well-defined  selective- area  electron  diffraction  pattern  as  shown  in  Fig.  3  (f),  taken 
perpendicular  to  the  core  of  the  nanowire. 

By  tweaking  the  growth  conditions,  an  electrical  contact  to  the  nanowire  can  be  introduced  in-sitn  during  the  growth 
process  prior  to  the  nanowire  growth.  This  is  achieved  in  the  case  of  ln203  nanowires,  as  shown  in  Fig.  4.  An  SEM 
image  of  the  nanowires  reveals  a  general  structure  consisting  of  a  square  columnar  vertical  body  and  a  pyramidal  base. 
Each  nanowire  is  observed  to  taper  gradually  towards  the  growth  front  and  terminate  with  a  nano-sized  Au  catalyst. 


Proc.  of  SPIE  Vo!.  5349  13 


Uniform  coverage  of  the  nanowires  is  typically  observed  on  the  entire  substrate  where  the  Au  catalysts  are  present.  A 
uniform  buffer  layer  of  ln203  resided  under  the  nanowires.  Each  as-synthesized  nanowire  resembles  a  pillar  having 
“nanothreads”  cladding  it.  These  nanothreads  reside  along  the  nanowire  main  growth  axis  and  resemble  regularly  spaced 
well-faceted  triangular  nano- wedges. 15 


Fig.  4.  (a)  Ail  SEM  image  showing  regular  arrays  of  ln203  nanowires  grown  from  a  buffer  layer  of  itself,  (b)  A  TEM  image  of  a  ln203 
nanowire,  showing  a  well-defined  Au  catalyst  at  the  tip  of  the  nanowire. 


Besides  ID  nanowires,  intricate  2D  and  quasi-3D  nanostructures  can  also  be  obtained  by  varying  the  growth  conditions 
and  catalyst  configurations.  In  the  ZnO  system,  when  the  thickness  of  the  Au  film  (acting  as  the  catalyst)  is  maintained 
above  the  threshold  limit  of  15A.  highly  intricate  quasi-3D  nanostructures  (Fig.  5a)  which  comprise  of  an  array  of 
vertical  ID  ZnO  nanowires  on  top  of  a  2D  network  of  intricate  nanowalls  are  obtained.  SEM  image  further  reveals  a 
random  honeycomb-like  pattern,  resembling  typical  structures  observed  from  anodization  of  thin  film  aluminum.  The 
nanowires  are  observed  to  grow  from  the  ^nodes’  of  the  nanowalls.  The  average  diameters  of  the  nanowires  and  the 
thickness  of  the  nanowalls  are  of  the  same  order  of  magnitude  (~  80  nm).  By  controlling  specifically  the  growth  time,  2D 
network  of  nanowalls  can  be  obtained  otherwise  (Fig.  5b). 


Fig.  5.  (a)  Perspective  SEM  image  of  quasi-  3D  nanostructures  on  a-sapphire.  (b)  Perspective  SEM  image  of  2D  nanowalls  on  a- 
sapphire. 

An  understanding  of  the  optical  properties  of  nanowires  is  important  for  their  successful  applications  in  optoelectronics 
and  photonics.  Photoluminescence  (PL)  and  resonance  Raman  spectroscopy  are  used  to  investigate  the  fundamental 
optical  properties  of  these  metal  oxide  nanowires.  Figure  6  shows  PL  measurement  of  ZnO  nanowires.  The  mean 
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diameter  of  the  nanowires  is  -  100  nm.  We  observed  strong  emission  at  ~  380  nm  (3.26eV)  for  the  nanowires  and  a  faint 
blue-green  emission  at  ~  490  nm.  The  former  is  in  good  agreement  with  the  typically  reported  free  exciton  peak 
position16,17  and  could  be  attributed  to  UV  near  band-edge  emission  while  the  latter  to  singly  ionized  oxygen  vacancy  in 
the  ZnO  nanowires.18  Although  it  is  known19  that  presence  of  Cu+  and  Cu2+  ions  in  trace  amounts  in  ZnO  thin  film  could 
provide  the  green  luminescence  via  either  donor-acceptor  pair  or  donor-hole  recombination,  we  have  ruled  out  such  a 
possibility  since  high  purity  ZnO  and  graphite  powder  (both  99.999%  purity)  were  used  and  elemental  analysis 
confirmed  absence  of  Cu. 

The  PL  full  width  at  half  maximum  (FWHM)  values  at  -  380  nm  was  calculated  to  be  -  0.13  eV.  These  are  better  than 
that  observed  in  ZnO  powders  (0.22  eV)  and  comparable  to  high-quality  undoped  ZnO  thin  films  (0.11  eV)  and  ZnO 
nanowires  (0.12  eV).  The  narrow  FWHM  indeed  suggests  a  narrow  size  distribution  of  the  nanowires,  as  also  evident 
from  the  SEM  images. 


Wavelength  (A) 

Fig.  6.  A  PL  spectrum  of  ZnO  nanowires  on  a-sapphire  substrate. 


Figure  7  shows  a  resonant  Raman  spectrum  of  the  ZnO  nanowires.  Four  major  bands,  centred  at  577,  1 152,  1734  and 
2319  cm'1,  with  bandwidths  at  30,  46,  55,  53  cm'1  respectively  are  observed.  They  are  attributed  to  the  Raman 
longitudinal  optical  (LO)  phonon  scattering  and  its  overtones.20'22  The  zone  center  optical  phonons  of  wurtzite  ZnO  are: 
At  +  2E2  +  Ej.  Since  the  exciting  photon  energy  is  in  resonance  with  the  electronic  interband  transition  energy,  polar 
symmetry  At  and  are  the  dominant  modes.  Such  multiphonon  scattering  processes  have  also  been  reported  for  single 
crystalline  bulk  ZnO22.  The  Lorentzian  curve  fitting  results  show  that  the  first-order  LO  mode  consists  mostly  of  At 
mode.  The  necessity  to  include  At  LO  fitting  suggests  that  the  ZnO  nanowires  exhibit  phonon  quantum  confinement 
effect. 
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Fig.  7.  A  resonant  Raman  spectrum  of  ZnO  nanowires. 


4.  CONCLUSION 

In  summary,  we  have  shown  the  importance  of  substrate  engineering  and  growth  conditions  in  obtaining  well-aligned 
nanowires  and  other  intricate  nanostructures.  High  quality  single  crystal  nanowires  were  characterized  structurally  and 
optically.  An  understanding  of  these  properties  is  crucial  and  allows  fine-tuning  of  the  desirable  structures  for  future 
nanoscale  optoelectronics  and  photonics  applications. 
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Abstract 


Vapor-liquid-solid  epitaxy  process  has  been  developed  to  synthesize  high  quality  semiconductor 
nanowire  arrays.  The  nanowires  generally  are  single  crystalline  and  have  diameters  of  10-200  nm  and 
aspect  ratios  of  10-100.  There  is  much  current  interest  in  the  optical  properties  of  these  semiconductor 
nanowires,  as  the  cylindrical  geometry  and  strong  two-dimensional  confinement  of  electrons,  holes,  and 
photons  makes  them  particularly  attractive  as  potential  building  blocks  for  nanoscale  electronics  and 
optoelectronics  devices.  We  recently  reported  the  first  study  of  laser  action  and  nonlinear  optical  mixing 
in  individual  zinc  oxide  (ZnO)  and  GaN  nanowires,  demonstrating  the  potential  of  these  structures  as 
room  temperature  nanoscopic  coherent  light  sources  and  frequency  converters.  These  efforts  further  led  to 
the  demonstration  of  ZnO  nanoribbon  laser  as  well  as  GaN-based  quantum  wire  lasers. 

Keywords:  Nanowires,  lasers,  quantum  wires. 


1.  Introduction 

Nanoscale  one-dimensional  (ID)  materials  have  stimulated  great  interest  due  to  their  importance 
in  basic  scientific  research  and  potential  technology  applications1.  A  lot  of  unique  and  fascinating 
properties  have  been  proposed  and  demonstrated  for  this  class  of  materials,  such  as  metal-insulator 
transition,  superior  mechanic  toughness,  higher  luminescence  efficiency,  enhancement  of  thermoelectric 
figure  of  merit  and  lowered  lasing  threshold1.  ID  materials  can  also  be  used  as  building  blocks  to 
construct  new  generation  of  nanoscale  electronic  circuits  and  photonics.  Below,  we  briefly  summarize  our 
work  on  the  optical  property  study  of  these  semiconductor  nanowires,  particularly  those  of  ZnO  and  GaN. 

One  of  the  most  important  techniques  for  nanowire  growth  is  the  vapor-liquid-solid  (VLS) 
process2.  It  is  further  possible  to  apply  the  conventional  epitaxial  crystal  growth  technique  into  this  VLS 
process  to  achieve  orientation  control.  By  choosing  suitable  substrate  whose  lattice  constants  match  with 
the  desired  nanowire  crystal  structure,  the  growth  direction  can  be  dictated  by  the  choosing  substrate 
orientation.  This  technique,  vapor-liquid-solid  epitaxy  (VLSE),  is  particularly  powerful  in  controlled 
synthesis  of  high  quality  nanowire  arrays.  Nanowires  generally  have  preferred  growth  direction.  For 
example,  ZnO  prefer  to  grow  along  <00 1>  direction.  ZnO  nanowires  grow  epitaxially  on  a-plane  (110) 
sapphire  substrate3.  ZnO  nanowires  have  wurtzite  structure  with  lattice  constant  a=3.24  A  and  c=5.19  A. 
ZnO  a  axis  and  sapphire  c  axis  are  related  almost  by  a  factor  of  4  (mismatch  less  than  0.08%  at  room 
temperature).  Fig.  1  shows  vertical  ZnO  nanowire  arrays  on  a-plane  sapphire  substrate.  Their  diameters 
range  from  70-200  nm  and  lengths  can  be  adjusted  between  2-10  microns.  Similar  level  of  growth  control 
can  be  achieved  for  the  GaN  system  (Fig.  I)4. 


Physics  and  Simulation  of  Optoelectronic  Devices  XII,  edited  by  Marek  Osinski, 
Hiroshi  Amano,  Fritz  Henneberger,  Proceedings  of  SPIE  Vol.  5349  (SPIE, 
Bellingham,  WA,  2004)  .  0277-786X/04/$1 5  •  doi:  10.1117/12.529975 


Fig.  1  Scanning  electron  microscopy  images  of  (a)  ZnO  nanowire  arrays  on  a  plane  sapphire  wafer  and  (b)  GaN 
nanowire. 

In  addition  to  these  pure  semiconductor  nanowires,  coaxial  nanowire  is  an  important  class  of 
nanowire  heterostructures  that  are  both  fundamentally  interesting  and  have  significant  technological 
potential.  Coaxial  structures  can  be  fabricated  by  coating  an  array  of  nanowires  with  a  conformal  layer  of 
a  second  material.  The  coating  method  chosen  should  allow  excellent  uniformity  and  control  of  the  sheath 
thickness.  Cladding  nanowires  with  amorphous  layers  of  SiCb  or  carbon  is  synthetically  facile  and 
routinely  demonstrated  in  the  literature.  A  more  exciting  and  difficult  task,  with  greater  technological 
import,  is  to  form  heterostructures  of  two  single-crystalline  semiconductor  materials.  We  reported  the 
synthesis  of  GaN/Alo.75Ga0.25N  core-sheath  structures  using  a  chemical  vapor  transport  method  (Fig.  2)5.  It 
is  important  to  point  out  that  the  choice  of  appropriate  core  and  sheath  materials  with  similar 
crystallographic  symmetries  and  lattice  constants  is  essential  to  achieve  the  deposition  of  single¬ 
crystalline  epitaxial  thin  film  sheath  structures,  thereby  producing  high  quality  materials. 


Figure  2.  Transmission  electron  microscopy  image  of  a  GaN/AlGaN  core-sheath  nanowire.  [Reprinted  with 
permission  from  Ref.  5,  Copyright  American  Chemical  Society,  2003] 


2.  Nanowire  Lasing 

Nanowires  with  flat  end  facets  can  be  exploited  as  optical  resonance  cavities  to  generate  coherent 
light  on  the  nanoscale.  Room  temperature  UV  lasing  has  been  demonstrated  in  our  laboratory  for  the  ZnO 
and  GaN  nanowire  systems  with  epitaxial  arrays3,  combs6,  ribbons7  and  single  nanowiress'9,10(Fig.  3). 
ZnO  and  GaN  are  wide  bandgap  semiconductors  (3.37,  3.42  eV)  suitable  for  ultraviolet-blue 
optoelectronic  applications.  The  large  binding  energy  for  excitons  in  ZnO  (~60  meV)  permits  lasing  via 
exciton-exciton  recombination  at  low  excitation  conditions,  while  GaN  is  known  to  support  an  electron- 
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hole  plasma  (EHP)  lasing  mechanism.  In  a  series  of  studies,  we  have  applied  far-field  imaging  and  near- 
field  scanning  optical  microscopy  (NSOM)  to  understand  photon  confinement  in  these  small  {d<X,  where 
d  is  the  nanowire  diameter  and  /l  is  the  wavelength)  cavities. 

Well-faceted  nanowires  with  diameters  from  100  nm  to  500  mu  support  predominantly  axial 
Fabry-Perot  waveguide  modes  (separated  by  AA  =  A"/[2Lw(A)],  where  L  is  the  cavity  length  and  77(A)  is  the 
group  index  of  refraction)  due  to  the  large  diffraction  losses  suffered  by  transverse  trajectories. 
Diffraction  prevents  smaller  wires  from  lasing;  PL  is  lost  instead  to  the  surrounding  radiation  field.  ZnO 
and  GaN  nanowires  produced  by  VLS  growth  are  cavities  with  low  intrinsic  finesse  (F)  due  to  the  low 
reflectivity  (R)  of  their  end  faces1 '(-1 9%)  (where  F  =  kRV2/{\ -/?)),  such  that  the  confinement  time  for 
photons  is  short  and  photons  travel  an  average  of  one  to  three  half-passes  before  escaping  from  the  cavity. 
Far-field  imaging  indicates  that  PL  and  lasing  emission  are  localized  at  the  ends  of  nanowires,  which 
suggests  strong  waveguiding  behavior  that  is  consistent  with  axial  Fabiy-Perot  modes  (Fig.  3). 


Fig.  3.  (Left).  Far-field  optical  image  of  patterned  lasing  ZnO  nanowire  arrays.  Inset  is  typical  emission  spectrum 
below  and  above  lasing  threshold.  (Right).  Lasing  spectrum  from  an  individual  ZnO  nanoribbon,  inset  is  the  far-field 
optical  image  of  the  waveguiding  ZnO  nanoribbon. 

The  transition  from  spontaneous  PL  to  optical  gain  is  achieved  by  exciting  a  high  density  of 
carriers  via  pulsed  UV  illumination.  The  dependence  of  nanowire  emission  on  pump  power  typically 
shows  three  regimes10,  corresponding  to  (I)  spontaneous  emission,  followed  by  (II)  stimulated  emission 
(lasing)  above  a  certain  threshold  fluence  and  (III)  saturation  due  to  gain-pinning  at  high  pump  power. 
The  lasing  thresholds  observed  in  nanowires  vary  across  several  orders  of  magnitude  as  a  consequence  of 
differing  nanowire  dimensions,  quality  of  the  particular  nanowire  cavities,  and  coupling  to  the  substrate 
(the  lowest  threshold  observed  for  ZnO  is  ~70  nJ  cm’2;  for  GaN,  ~500  nJ  cm").  The  simultaneous 
appearance  of  narrow  cavity  modes  (line  widths  0.25  —  1.0  nm)  spaced  in  agreement  with  cavity 
dimensions  confirms  the  lasing  behavior.  The  spectral  position  of  the  ZnO  gain  profile  is  typically  nearly 
independent  of  pump  power  at  the  moderate  pumping  intensities  that  correspond  to  exciton-exciton 
lasing,  but  exhibits  significant  red-shift  near  saturation  as  band  filling  and  charge  screening  induce  an 
exciton-to-EHP  transition.  GaN  nanowires,  on  the  other  hand,  show  a  consistent  red-shift  from  threshold 
to  saturation  due  to  band-gap  renormalization.  Polarization  of  the  various  modes  has  also  been  studied  . 

Recent  work  in  our  labs  has  focused  on  two  aspects  of  lasing  in  one-dimensional  ZnO  structures: 
its  ultrafast  dynamics  in  nanowires  and  its  manipulation  in  nanoribbons  .  Time-resolved  second-harmonic 
generation  (TR-SHG)  and  transient  photoluminescence  spectroscopy  were  used1"  to  probe  carrier 
relaxation  dynamics  near  the  lasing  threshold  as  well  as  under  gain  saturation  conditions.  Above  the 
lasing  threshold,  a  bi-exponential  decay  of  the  PL  was  observed,  with  a  fast  component  (~10  ps) 
corresponding  to  exciton-exciton  lasing  and  a  slow  component  (—70  ps)  due  to  free  exciton  spontaneous 
emission.  The  fast  process  shifted  to  shorter  times  with  increased  pumping  power,  reflecting  the 
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increasing  influence  of  EHP  dynamics  at  higher  carrier  densities  (Fig.  4).  The  SHG  transient,  which 
monitors  the  overall  repopulation  of  the  valence  bands  after  excitation,  showed  a  fast  component  with  a 
decay  time  that  decreased  from  5  ps  to  -1  ps  from  threshold  to  saturation  due  to  a  multi-body  scattering 
process  consisting  of  both  radiative  and  nonradiative  events. 


Figure  4:  (a)  PL/lasing  spectra  of  single  ZnO  nanowire  near  the  lasing  threshold  (excitation  -  1  pj/cm2)  and  (b) 
transient  PL  response.  Long  decay  component  is  70  ±  7  ps  and  short  component  is  9  ±0.8  ps  (red)  and  4.0  ±  0.3  ps 
(black).  [Reprinted  with  permission  from  Ref.  12,  Copyright  American  Chemical  Society,  2004] 

3.  Quantum  Wire  Lasers 

Beyond  the  nanowire  lasers,  confined  core-sheath  nanowire  heterostructures  provide  a  unique 
geometry  for  applications  in  optoelectronics.  We  recently  demonstrated  UV  lasing  from  optically  pumped 
GaN/AlxGai-xN  core-sheath  quantum  wires  (Fig.5)5.  Phase  separation  during  the  VLS  process  leads  to 
cylindrical  GaN  cores  with  diameters  as  small  as  5  nm  cladded  by  a  50-100  nm  layer  of  Alo.75Gao.25N. 
Normally,  GaN  nanowires  with  diameters  less  than  -100  mn  are  too  leaky  to  sustain  laser  cavity  modes. 
Surrounding  slender  GaN  wires  with  a  material  of  larger  bandgap  and  smaller  refractive  index  creates  a 
structure  with  simultaneous  exciton  and  photon  confinement  (waveguiding).  When  optically  pumped,  the 
core  provides  a  gain  medium  while  the  sheath  acts  as  a  Fabiy-Perot  optical  cavity  (Fig.  6).  We  found  that 
PL  and  lasing  emission  was  blueshifted  from  the  bulk,  with  lasing  thresholds  roughly  ten  times  higher 
than  those  of  larger,  unclad  GaN  nanowire  lasers. 


Fig  5:  (Left).  Far- field  optical  image  of  a  GaN/AlGaN  core-sheath  based  quantum  wire  laser.  (Right).  Spectra  of 
light  emission  from  GaN/AlGaN  core-sheath  nanowires  below,  near  and  above  threshold  (about  2-3  juJ/cm2). 
[Reprinted  with  permission  from  Ref.  5,  Copyright  American  Chemical  Society,  2003] 
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These  core-sheath  GaN/AlGaN  nanowires  (Fig.  2)  provide  unique  model  systems  for  the  study  of 
simultaneous  photon  and  carrier  confinement  (Fig.  6).  The  GaN  core  size  is  comparable  to  the  Bohr 
radius  of  the  exciton  for  GaN  (11  run).  The  band  gap  of  the  core  (GaN,  3.42  eV)  is  smaller  than  that  of  the 
sheath  (Alo.75Gao.25N,  5.25  eV),  i.e.,  a  type-I  band-offset  alignment.  Both  factors  would  lead  to  effective 
carrier/exciton  confinement  within  such  unique  core-sheath  nanostructures.  To  test  this  hypothesis,  the 
photoluminescence  (PL)  of  single  heterostructured  nanowires  was  characterized.  Significantly,  blue- 
shifted  PL,  which  is  a  signature  of  the  quantum  confinement  effect,  was  observed.  Moreover,  in  coaxial 
heterostructures  nanowires,  modulation  doping  of  larger  band-gap  material  will  allow  spatial  separation 
of  ionized  dopants  and  free  carriers,  and.  thus,  higher  mobilities  could  be  achieved. 


Microcavity 


Fig  6:  Schematic  illustrations  for  nanowire  laser  and  quantum  wire  laser.  Note  the  gain  medium  volume  is 
significantly  reduced  from  nanowire  to  quantum  wire. 

In  addition  to  the  carrier/excitonic  confinement  within  the  GaN  core  region,  there  are  two 
additional  characteristics  of  the  nanostructures  that  would  allow  us  to  examine  the  nature  of  photonic 
confinement  (waveguiding  and  amplification)  within  such  structures.  First,  the  refractive  index  of  the 
sheath  (2.25  for  Alo.75Gao.25N)  is  smaller  than  that  of  the  core  region  (2.54  for  GaN).  The  core-sheath 
structure  essentially  resembles  a  properly  index-engineered  optical  fiber.  Indeed,  with  this  arrangement  of 
refractive  index  and  size,  the  nanostructure  would  behave  as  a  single-mode  optical  fiber  for  UV  light. 
Second,  the  entire  core-sheath  structure  has  well-defined  end  surfaces  (which  become  natural  mirrors  for 
the  optical  fiber  and  form  an  optical  cavity).  Hence,  this  structure  is  an  ideal  quantum-wire-in-optical- 
fiber  (Qwof)  nanostructure,  which  would,  for  the  first  time,  allow  us  to  examine  the  possibility  of 
simultaneous  confinement  of  the  exciton  and  the  photon  (followed  by  their  possible  amplification)  within 
the  same  chemically  synthesized  nanostructure.  To  examine  this  possibility,  individual  core-sheath 
nanostructures  were  optically  pumped  and  their  power-dependent  PL  was  collected.  The  localization  of 
bright  emission  near  the  nanowire  ends  indicates  stimulated  emission  from  the  nanowires.  Figure  5  shows 
a  series  of  far-field  spectra  taken  as  a  function  of  the  pump  fluence  on  these  nanowires.  Below  the  lasing 
threshold,  the  PL  spectrum  is  broad  and  featureless.  Near  and  above  the  threshold  (at  -2-3  pJ/cnr),  sharp 
features  that  are  centered  at  -384  mn  (-3.2  eV)  appear  in  the  spectrum,  indicating  the  onset  of  lasing 
emission  from  the  GaN  core  of  nanowires.  Power-dependent  lasing  spectra  near  the  threshold  reflects  the 
typical  lasing  action  of  a  wide  band-gap  semiconductor. 

4.  Conclusion 

The  most  useful  applications  for  nanowire  lasers  require  that  they  be  integrated  in  circuits  and 
activated  by  electron-injection  rather  than  optical  pumping.  Lieber  and  co-workers  have  made  progress  in 
this  direction  by  assembling  n-type  CdS  nanowire  Fabry- Perot  cavities  on  p-Si  wafers  to  form  the 
required  heterojunction  for  electrically  driven  lasing13.  More  robust  assembly  methods  appropriate  to  a 
larger  variety  of  materials  will  enable  the  use  of  injection  nanolasers  in  sensing  ,  optical 
communications15  and  probe  microscopy. 
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ABSTRACT 

We  review  the  basic  electromagnetic  properties  of  semiconductor  nanowires  which  are  required  to  evaluate  their 
performance  as  lasers.  These  properties  include  the  dispersions  for  guided  modes,  mode  spacing,  reflectivities 
from  the  nanowire  facets,  directionality  and  polarization  of  far  fields,  and  confinement  factors.  We  also  discuss 
features  that  distinguish  nanowire  lasers  from  the  usual  heterostructure  lasers. 

Keywords:  lasers,  nanowires,  guided  waves,  far-field  diagram,  confinement  factors 

1.  INTRODUCTION 

The  recent  demonstration  of  lasing  in  ZnO,1  GaN,2  and  CdS3  nanowires  has  introduced  semiconductor  nanowires 
as  potential  competitors  of  presently  prevailing  heterostructure  lasers.  Experimental  near-field  images  of  lasing 
nanowires  provide  a  strong  evidence  that  lasing  occurs  into  the  modes  which  are  guided  by  the  nanowire  and 
propagate  along  its  axis.  This  ability  to  support  guided  modes  and  to  provide  gain  to  the  modes  is  a  remarkable 
feature  of  nanowires  and  it  leads  to  a  significant  reduction  of  laser  size  and  simplification  in  fabiication.  The 
typical  radii  of  semiconductor  nanowires  are  in  the  20-200  mil  range:  the  length  can  be  up  to  about  50  fim. 

Despite  the  experimental  evidence  of  lasing  in  nanowires  *  3  and  other  optical  characteiizations,  very  little 
theoretical  work  exists  that  would  provide  insight  into  the  details  of  the  lasing  mechanism  and  predict  pos¬ 
sible  performance  of  nanowires  as  lasers.  The  purpose  of  this  paper  is  to  review  our  lecent  work  ”  on  the 
electromagnetic  properties  of  nanowires. 

The  paper  is  organized  as  follows.  We  start  with  a  discussion  of  guided  modes  which  can  be  supported  by 
nanowires  and  into  which  lasing  can  occur.  Next  in  Sec.  3  we  discuss  the  reflectivity  from  the  ends  of  nanowires. 
In  Sec.  4  we  show  typical  far-field  diagram  of  laser  emission.  Finally,  we  calculate  the  confinement  factors  for 
nanowires  in  Sec.  5  and  draw  our  conclusion  in  Sec.  6. 

2.  GUIDED  MODES 

To  find  the  electromagnetic  properties  of  a  free-standing  nanowire,  we  model  it  as  a  dielectric  cylinder  of  radius 
R  that  stands  on  a  substrate  and  is  surrounded  by  air.  In  our  calculations  we  take  the  dielectric  constant 
e  =  6  which  is  typical  for  GaN,  ZnO,  and  CdS  at  lasing  frequencies.  It  is  well  known  that  a  dielectric  cylinder 
can  support  guided  electromagnetic  waves  that  propagate  along  the  axis  and  decay  with  the  distance  from  the 
cylinder  surface.10  The  fields  of  the  guided  modes  can  be  found  by  solving  Maxwell’s  equations  inside  and 
outside  of  the  cylinder  and  then  matching  the  tangential  components  of  the  fields  at  the  interface.  The  matching 
procedure  gives'  the  dependence  of  the  wave  vector  k~  for  the  guided  modes  as  a  function  of  frequency  u>.  The 
guiding  mechanism  in  nanowires  (i.e.,  total  internal  reflection  from  the  interface)  is  identical  to  that  in  the  usual 
optical  fibers.  However,  the  refractive  index  contrast  between  the  nanowire  and  air  is  very  large  compared  to  the 
core/cladding  index  contrast  in  fibers.  This  allows  nanowires  to  achieve  a  much  stronger  confinement  of  light. 
A  large  refractive  index  contrast  between  the  waveguiding  material  and  surrounding  air  is  also  used  for  guiding 
light  in  recently  developed  silica  wires.8 
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Figure  1.  Ratio  of  the  propagation  wave  vector  to  frequency  for  the  first  three  guided  modes  of  a  nanowire  with  e  =  6 
surrounded  by  air.  The  top  axis  shows  the  nanowire  radius  for  a  typical  bangdap  energy  of  3.3  eV  for  GaN. 


Typical  dispersions  curves  for  several  lowest  order  modes  guided  by  nanowires  are  shown  in  Fig.  1.  The 
nanowire  can  support  transverse  electric  (TE0m),  transverse  magnetic  (TM0m)  modes,  which  have  only  three 
field  components  and  no  dependence  on  the  angle  and  hybrid  modes  (HEnm  and  EHum),  which  have  all 
six  field  components  with  cos  nd  and  sin  n&  dependence.  The  index  m  denotes  the  radial  dependence  of  the 
fields,  n  denotes  angular  symmetry.  All  modes  except  HEn  have  low-frequency  cutoffs.  The  cutoff  frequency 
is  ujcR/c  —  xn/y/s  —  1  ^  1.71  for  HE]9  and  EHn,  uocR/c  =  £01/ V?  ~  1  ~  1*08  for  TEoi  and  TMoi,  and 
u;cR/c  =  £o2/V£  ~  1  ~  2.47  for  TE02  and  TM02,  where  xm  is  the  /th  zero  of  the  Bessel  function  Jk(x)>  k  =  0, 1. 
The  cutoff  for  HE21  mode  is  ujcR/c  ^  1.47.9 

The  nanowires  lase  at  energies  about  3.26  eV  for  ZnO,1  at  3.31  eV  for  GaN,2  and  at  2.43  eV  for  CdS.3  In 
Fig.  1  we  label  the  top  axis  with  radius  that  corresponds  to  the  typical  lasing  energy  E  —  3.3  eV  in  GaN.  For 
small  radii,  R  <  64  nm,  only  HEn  exists  and  thus  most  likely  it  was  the  mode  observed  in  narrow  nanowires.1”'3 
However,  in  ZnO  and  GaN  nanowires  with  R  >  64  nm  several  different  modes  can  lase.1  Near  the  cutoff,  the 
TE01  mode  is  likely  to  dominate  over  TM0i  mode  due  to  its  much  stronger  localization. 

All  field  components  of  the  guided  modes  decay  with  the  distance  from  the  surface  of  the  nanowire.  In 
particular,  the  z-components  of  all  guided  modes  outside  of  the  nanowire  vary  according  to  the  modified  Bessel 
functions  of  the  second  kind,  Kn(3p),  where  n  is  the  angular  index  and  / 3  =  $/k?  —  u?2/c 2  —  {u:  /  c)^/(kzc/uj)2  —  1 
determines  the  mode  extension  in  the  air.  The  larger  3  is,  the  better  the  mode  is  confined  in  the  transverse 
direction.  For  a  given  nanowire  radius,  as  the  frequency  increases,  the  field  becomes  confined  closer  and  closer 
to  the  nanowire.  Even  though  the  HEn  mode  does  not  have  a  cutoff,  in  thin  nanowires  (ujR/c  <  0.7)  the  field 
extends  for  a  considerable  distance  beyond  the  surface,  making  the  mode  poorly  confined  and  thus,  not  suitable 
for  single  nanowire  lasers.  However,  in  an  array  of  nanowires  the  long  tails  of  the  guided  mode  may  provide 
coupling  between  the  nanowires  and  lead  to  lasing  in  the  array.  The  other  modes  also  extend  far  away  from  the 
surface  at  the  frequencies  just  above  the  cutoff  frequency. 

Given  the  dispersion  properties,  one  can  easily  calculate  the  spacing  between  the  modes  of  a  fixed  type  due 
to  a  finite  length  of  the  nanowire  L.  The  spacing  between  the  modes  Au;  is  given  by 
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where  01,2  are  the  phases  of  the  reflection  coefficients  from  the  nanowire  ends,  ugr  =  duj/d kz  is  the  group  velocity 
for  the  quided  wave.  For  long  nanowires,  the  terms  which  depend  on  the  reflection  phases  can  be  neglected  and 
thus  the  spacing  becomes  proportional  to  the  group  velocity.  Figure  2  shows  the  group  velocity  and  energy 
spacing  between  the  modes.  With  increase  in  wRjc,  the  ratio  c/vgv  initially  increases,  reaches  a  maximum,  and 
then  starts  to  decrease.  Asymptotically  at  ujR/c  — >  00,  c/vgr  — ►  >/i.  It  is  important  that  the  mode  spacing 
depends  not  only  on  the  length  of  the  nanowire  but  also  on  its  radius.  We  also  mention  that  even  though  Eq.  (1) 
is  exact,  the  dispersion  itself  kz(u>)  was  calculated  assuming  a  frequency  independent  e  —  6.  The  variation  of  the 
dielectric  constant  with  frequency  can  also  contribute  to  the  change  of  dispersion  and  thus,  the  mode  spacing. 
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Figure  2.  Ratio  of  the  speed  of  light  to  the  group  velocity  for  the  three  lowest  order  modes.  The  top  axis  shows  the 
nanowire  radius  for  a  typical  bangdap  energy  of  3.3  eV  for  GaN.  The  right  axis  shows  the  mode  spacing  A E  =  HAlo  for 
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Figure  3.  Absolute  value  of  the  reflection  coefficient  for  the  first  three  guided  modes  from  the  open  end  (top  facet)  of 
the  nanowire. 

3.  REFLECTIVITIES  FROM  THE  FACETS 

The  reflection  coefficients  for  the  guided  modes  from  the  nanowire  ends  determine  the  threshold  gain,  i.e.,  the 
gain  which  is  required  to  compensate  all  losses.  In  the  usual  heterostructure  lasers,  waveguiding  is  achieved 
because  of  a  small  dielectric  mismatch  between  the  active  medium  and  the  surrounding  semiconductor.  This 
results  in  the  transverse  size  of  the  guided  mode  being  significantly  larger  than  the  wavelength.  In  such  a  case, 
the  reflection  coefficient  from  the  laser  facets  is  approximately  equal  to  the  one  for  a  plane  wave  incident  on  the 
semiconductor/air  interface.  For  nanowires,  the  situation  is  much  more  complicated  because  the  parts  of  the 
mode  outside  and  inside  the  nanowire  experience  different  dielectric  constant  mismatches.  To  find  the  reflection 
coefficients  for  a  guide  wave  from  the  ends  one  has  to  solve  a  typical  diffraction  problem.  We  addressed  this 
problem  using  the  finite-difference  time-domain  method  (FDTD).5  In  the  simulations,  we  initially  create  a 
guided  wave  packet  that  propagates  towards  one  of  the  ends.  After  the  wave  packet  reaches  the  end,  a  part  of  it 
forms  outgoing  radiation,  the  remaining  part  is  reflected.  Using  the  reflected  wave  packet  and  taking  a  Fourier 
transformation  we  can  directly  calculate  the  reflection  coefficient.  We  also  note  that  in  general  an  incident  wave 
packet  can  produce  several  reflected  guided  wave  packets.  These  wave  packets  should  have  the  same  fiequencies 
as  the  incident  wave  but  different  wave  numbers.  However,  in  thin  nanowires  only  one  reflected  wave  packet  of 
the  same  type  as  the  incident  one  can  exist  because  the  nanowire  is  thinner  than  the  cutoff  radii  for  the  other 
modes. 

In  Fig.  3  we  plot  the  reflection  coefficient  from  the  open  end  (top  facet)  of  the  nanowire  for  different  guided 
modes.  A  common  feature  of  the  reflection  coefficient  for  all  modes  is  its  growth  with  frequency  and  thus  with  the 
mode  confinement.  However,  because  of  different  polarizations  of  the  modes,  the  reflection  coefficients  take  quite 
different  values.  The  results  of  Fig.  3  can  be  compared  to  the  reflection  of  a  plane  wave  at  dielectric/air  interface 
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when  the  reflection  coefficient  varies  from  zero  (at  Brewster’s  angle)  to  unity  (for  total  internal  reflection);  at 
normal  incidence  it  is  (n  -  1  )/(n  +  1)  =  0.42.  Interestingly,  in  the  regime  of  strong  confinement  for  the  HEn 
mode  the  reflection  approaches  the  value  for  the  normal  incidence  on  an  infinite  dielectric/air  interface.  However 
this  does  not  happen  for  TE0i  or  TM0i  modes.  The  reflectivity  of  guided  modes  is  always  less  than  unity  in 
the  frequency  range  of  interest  because  of  diffraction  losses.  The  reflection  from  the  bottom  end  has  a  more 
complicated  frequency  dependence  compared  to  the  one  from  the  top.5 

4.  POLARIZATION  AND  DIRECTIONALITY  OF  FAR  FIELDS 

We  now  turn  to  the  discussion  of  the  fields  that  are  emitted  from  the  top  of  a  free-standing  nanowire.  While  near 
the  end  the  fields  can  have  quite  complicated  behavior  because  of  diffraction,  their  distribution  in  the  far-field 
zone  is  what  we  are  mostly  interested  in.  In  the  far-field  region,  the  radiation  emitted  in  the  direction  specified 
by  the  unit  vector  f  can  be  represented  as  a  superposition  of  two  locally  plane  waves.  If  8  and  <j>  are  the  usual 
basis  vectors  orthogonal  to  r ,  one  plane  wave  has  its  electric  field  in  the  8  direction,  the  other  -  in  the  <fi  direction. 
Thus,  the  far-field  emission  is  completely  characterized  by  its  polarization  and  the  energy  density  S(r,o;)  emitted 
in  the  unit  solid  angle  in  the  direction  ?  per  unit  time. 

The  polarization  properties  of  the  far  fields  can  be  deduced  from  the  symmetry  of  the  modes.  We  focus  on  the 
lowest  order  modes  (HEn,  TMoi,  and  TEoi);  their  dispersion  properties  are  shown  in  Fig.  2. 10  The  transverse 
modes  TMqi  and  TEqi  produce  far  fields  that  are  independent  of  ^-coordinate,  i.e.,  S(r,u;)  =  S(8,lj).  The  TMoi 
mode  has  only  Ep ,  EZ)  and  H p  components.  Thus,  the  far-field  radiation  produced  by  the  TMqi  mode  will  have 
only  E$  component;  E0  =  0  everywhere.  By  the  same  token,  the  far  fields  of  the  TEoi  mode  will  have  only  E $ 
component;  E#  =  0  everywhere.  The  HEn  mode  has  all  six  components  and  it  is  degenerate,  i.e.,  two  possible 
angular  dependencies  exist.  Let  us  consider  one  situation  when  the  components  Ez,  Ep ,  H $  ~  cos0,  while  Hz, 
Hp,  E0  ~  sin <2>.  It  follows  from  the  assumed  angular  dependencies  that  the  far  fields  behave  like  Eq  ~  cos d>  and 
Ec  ~  sino.  Thus,  unlike  the  TEqi  and  TMoi  modes,  the  far  fields  of  the  HEn  mode  depend  not  only  on  8  but 
also  on  d>.  Using  the  assumed  angular  dependence  for  the  HEn  mode  we  can  write  the  energy  density  of  the 
generated  far  fields  as 

S( ?,u;)  =  [S^(r,u;)  cos2  O  +  5p(r,o;)  siir  o]  , 

where  the  subscripts  8  and  d>  denote  polarization  of  the  corresponding  plane  waves.  In  a  typical  experimental 
situation,  the  HEn  modes  with  the  two  possible  polarizations  are  excited  and  thus,  the  intensity  of  the  emitted 
radiation  does  not  have  any  (^dependence. 

Figure  4  shows  the  energy  density  of  the  emitted  radiation  for  the  HEn  mode  as  a  function  of  6 .  The  intensity 
was  normalized  so  that 

j  dd>  I  d 8  sin0S(r,  u>)  =  1. 

Jo  Jo 

At  (jjR/c  =  1.0,  the  emission  at  small  8  is  quite  pronounced  and  is  independent  of  polarization.  As  uR/c 
increases,  the  emission  in  the  forward  direction  decreases  while  the  emission  in  the  backward  direction  increases. 
This  broadening  of  the  emission  angle  with  growth  of  coR/c  can  be  attributed  to  the  decrease  of  the  transverse 
extent  of  the  mode  for  larger  wR/c.  The  difference  of  the  intensities  between  the  8 -  and  (^-polarized  components 
also  increases  with  wR/c.  A  strong  maximum  in  the  backward  direction  develops  for  the  ^-polarized  component. 
The  most  directional  emission  with  a  strong  maximum  at  0  =  0  is  achieved  in  thin  nanowires  where  ojR/c  is 
small.  This  is  simply  because  the  guided  mode  is  weakly  localized  in  thin  nanowires.  However,  in  this  regime  the 
reflection  coefficient  from  the  top  facet  is  very  small.  This  leads  to  a  high  values  of  the  threshold  gain.  Thicker 
nanowires  can  provide  lower  threshold  gain  but  their  emission  has  very  broad  angular  distribution. 

The  emission  diagram  for  the  transverse  TEqi  and  TMoi  modes  is  quite  different  from  that  for  the  HEn 
mode.6  The  main  difference  is  the  complete  absence  of  emission  at  8  —  0.  This  absence  follows  directly  from 
the  symmetry  of  the  transverse  modes.  Indeed,  the  far  field  emitted  at  8  —  0,  if  present,  must  have  the  electric 
and  magnetic  components  perpendicular  to  the  nanowire  axis.  Such  components  can  not  be  produces  by  the 
transverse  modes  which  are  independent  of  the  angle  <p . 
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Figure  4.  Normalized  intensity  S(r,u;)  of  the  far  fields  as  a  function  of  0  for  HEn  mode. 


5.  CONFINEMENT  FACTORS 

In  order  to  have  lasing,  the  gain  experienced  by  the  mode  should  reach  its  threshold  value  which  can  be  directly 
calculated  from  the  facet  reflectivities.  Let  us  now  calculate  the  modal  gain.  If  I(z)  is  the  power  of  the  guided 
mode  (i.e.,  the  energy  which  crossed  an  infinite  plane  perpendicular  to  the  nanowire  axis  per  unit  time),  then  it 
obeys  the  rate  equation 

=  GI(z).  (2) 


The  coefficient  G  is  the  modal  gain: 


G  =  — 


2  f  dp  cr|E(p)|2 

P<  OO 


477 


f  dp  [E(p)  x  H*(p)  +  E *(p)  x  H(p) 


p<  OO 


(3) 


where  E(p),  H(p)  are  the  complex  fields  of  the  mode,  p  is  the  transverse  coordinate,  and  cr  is  the  optical 
conductivity  that  provides  gain.  The  description  of  gain  using  the  bulk  conductivity  cr  holds  for  the  presently 
used  GaN  and  ZnO  nanowires  where  quantization  effects  are  absent  due  to  their  large  radii.  For  simplicity  we 
assume  here  the  conductivity  a  to  be  isotropic  although  it  is  a  bad  approximation  for  GaN,  especially  near  the 
baiicledge.7  We  can  relate  the  modal  gain  G  to  the  material  gain  G°  =  —  (Air a) / (c^fs)  (with  £  the  dielectric 
constant  of  the  nanowire): 

n  =  FG°.  (4) 


where  T  is  the  so-called  confinement,  factor: 

2\/i  /  dp  |E(p)|2 

active  region 

f  dp  [E(p)  x  H*(p)  +  E*(p)  x  H(p)j  z. 

p<  oo  L 

The  knowledge  of  the  confinement  factors  allows  one  to  obtain  the  modal  gain  from  the  material  gain  of  the 
active  medium.  The  material  gain  has  to  be  calculated  using  a  microscopic  theory  for  the  given  semiconductor 
and  carrier  density. 

Figure  5  shows  the  confinement  factors  for  several  lowest  order  modes  of  a  nanowire.  The  confinement  factors 
initially  grow  as  functions  of  ujR/c  as  the  modes  become  more  confined.  In  the  limit  a>i?/c — >  oo  the  confinement 
factors  reach  unity.  An  interesting  feature  of  the  confinement  factors  is  that  they  can  exceed  unity.  This  is 
somewhat  unusual  and  does  not  occur  in  heterostructure  lasers.  The  large  values  of  the  confinement  factors  can 
be  explained  by  small  values  of  the  group  velocity  for  the  guided  modes  compared  to  the  group  velocity  for  a 
plane  wave  in  the  active  material  (see  Fig.  2). 
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Figure  5.  Confinement  factor  as  a  function  of  the  dimensionless  parameter  u jR/c.  The  top  axis  shows  the  nanowire 
radius  for  a  typical  lasing  frequency  of  3.3  eV  for  GaN. 

6.  CONCLUSION 

We  have  discussed  the  electromagnetic  properties  of  semiconductor  nanowires  in  which  lasing  was  recently 
demonstrated.  Our  focus  was  on  the  properties  that  distinguish  them  from  the  usual  heterostructure  lasers.  Let  us 
summarize  some  key  feature  of  nanowires.  First,  free-standing  nanowires  can  function  both  as  an  active  material 
and  a  waveguide.  The  strong  waveguiding  is  achieved  due  to  a  very  large  refractive  index  contrast  between 
the  nanowire  and  surrounding  air.  Second,  the  reflectivities  from  the  nanowire  facets  are  rather  complicated 
functions  of  the  radius  and  frequency.  Third,  the  far- field  radiation  generated  by  the  HEn  mode  in  a  thin 
nanowire  can  be  rather  directional.  This  is  because  the  mode  has  a  very  large  transverse  size  which  makes  it 
similar  to  the  guiding  regime  in  a  heterostructure  laser.  However,  unlike  the  case  of  a  heterostructure  laser,  the 
mode  experiences  very  little  reflection  as  it  reaches  the  top  end.  This  leads  to  a  very  large  threshold  gain.  The 
modes  of  wide  nanowires  can  have  rather  high  reflection  coefficients,  however,  the  far  fields  are  emitted  into  a 
very  large  cone  and  even  in  the  backward  direction.  Forth,  the  confinement  factors  in  nanowires  can  be  large 
and  even  exceed  unity  because  the  inodes  can  have  small  group  velocities.  Another  aspect  of  nano  wires  that  we 
would  like  to  emphasize  is  that,  unlike  heterostructure  lasers,  nanowire  lasers  do  not  require  a  semiconductor 
barrier  to  confine  the  carriers.  This  may  be  very  useful  for  making  lasers  operating  in  the  deep  ultraviolet  range 
where  it  is  difficult  to  find  a  semiconductor  with  sufficiently  large  bandgap  to  be  used  as  the  barrier. 
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ABSTRACT 

The  molecular  beam  epitaxy  of  self-assembled  quantum  dots  (QDs)  has  reached  a  level  such  that  the  principal 
advantages  of  QD  lasers  can  now  be  fully  realized.  We  overview  the  most  important  recent  results  achieved  to  date 
including  excellent  device  performance  of  1.3  pm  broad  area  and  ridge  waveguide  lasers  (Jth<150A/cirf,  1^=1. 4  mA, 
differential  efficiency  above  70%,  CW  300  mW  single  lateral  mode  operation),  suppression  of  non-linearity  of  QD 
lasers,  which  results  to  improved  beam  quality,  reduced  wavelength  chirp  and  sensitivity  to  optical  feedback.  Effect  of 
suppression  of  side  wall  recombination  in  QD  lasers  is  also  described.  These  effects  give  a  possibility  to  further  improve 
and  simplify  processing  and  fabrication  of  laser  modules  targeting  their  cost  reduction.  Recent  realization  of  2  mW 
single  mode  CW  operation  of  QD  VCSEL  with  all-semiconductor  DBR  is  also  presented.  Long-wavelength  QD  lasers 
are  promising  candidate  for  mode-locking  lasers  for  optical  computer  application.  Very  recently  1.7-ps-wide  pulses  at 
repetition  rate  of  20  GHz  were  obtained  on  mode-locked  QD  lasers  with  clear  indication  of  possible  shortening  of  pulse 
width  upon  processing  optimization.  First  step  of  unification  of  laser  technology  for  telecom  range  with  QD-lasers 
grown  on  GaAs  has  been  done.  Lasing  at  1.5  pm  is  achieved  with  threshold  current  density  of  0.8  kA/cm2  and  pulsed 
output  power  7W. 

Keyword:  quantum  dots,  diode  lasers,  beam  quality,  vertically  surface  emitting  lasers,  short  pulses 

1.  Introduction 

Heterostructure  diode  lasers  [l,2]  have  revolutionized  many  areas  of  the  human  being.  They  have  made  possible  such 
great  applications  as  optical  storage  and  fiber  telecommunications.  Huge  potential  accumulated  in  these  fields  can  be 
applied  to  other  directions,  for  example  to  computer  optical  clocking  and  interconnects  including  chip  to  chip  and  intra¬ 
chip  optical  data  links.  In  high  volume  a  marriage  between  silicon  leading  in  electronic  applications  and  III- Vs  leading 
in  optoelectronics  can  only  happen  if  the  cost  structures  and  form  factors  are  synchronized.  Here,  development  of  cost- 
efficient  laser  diodes  providing  an  opportunity  of  high-speed  operation  (>10  Gb/s)  in  a  wavelength-controlled  single¬ 
mode  regime  is  a  precondition  for  penetration  of  optoelectronic  devices  into  the  mainstream  semiconductor  market. 

There  exists  an  opinion  that  today’s  semiconductor  lasers  have  already  approached  a  high  level  of  perfection  and 
further  progress  is  hardly  possible.  In  this  paper  we  will  present  results  of  recent  development  of  Quantum  Dot  (QD) 
diode  lasers.  These  results  show  QD  technology  as  a  fast  developing  technology  moving  form  academic  frame  to 
production  stage  with  clear  potential  for  further  improvement  of  semiconductor  lasers. 

It  is  also  argued  that  semiconductor  lasers  suitable  for  applications  in  high-speed  data-  and  telecommunications  will 
always  remain  costly  and  their  practical  application  in  computer  interconnects  is  unlikely.  The  reasons  of  this 
controversy  are  related  to  some  general  properties  of  semiconductor  lasers  and  their  fabrication  process,  including  single 
frequency  temperature  stable  device. 

Concept  of  on- wafer  processing  of  Vertically  Surface  Emitting  Lasers  (VCSELs)  with  inherit  stabilization  of  lasing 
wavelength  is  a  current  direction  for  cost-reduction  of  wavelength  stabilized  devices.  Commercial  success  of  850  nm 
VCSEL  is  an  example.  In  this  case  an  important  for  conventional  850  nm  edge-emitting  lasers  and  quite  expansive 
technological  operation  such  as  facet  protection  is  excluded.  However,  this  spectral  range  is  beyond  one  for 
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standard  telecom/advanced  datacom  applications  (1.25  —  1.7  pm).  The  fact  that  0.85  pm  VCSEL  was  successful  is 
directly  related  to  the  unique  properties  of  the  lattice  matched  GaAs-AlAs  heterojunction,  which  provides  high 
refractive  index  difference  suitable  for  DBR  fabrication.  GaAs  and  AlAs  additionally  provide  high  thermal  conductivity 
important  for  high  power  operation,  and  a  technology  of  selective  oxidation  of  AlAs  layers  allows  fabrication  of  small 
oxide-confined  buried  current  apertures  without  the  need  of  expensive  lithography  and  overgrowth.  A  completely 
different  situation  occurs  for  VCSELs  grown  on  InP  substrates  which  are  traditionally  used  for  1.3-1.55  pm-range 
devices.  The  need  of  lattice  matching  restricts  the  choice  of  materials  for  making  the  Bragg  mirrors  and  only  certain 
compositions  of  the  alloy  are  allowed.  For  workable  combinations  of  materials  the  resulting  refractive  index  is  not  much 
different.  To  compensate,  lots  of  layers,  or  a  few  hundred  per  mirror,  are  needed  to  achieve  high  reflectivity  making  the 
technology  very  complex.  The  situation  becomes  even  more  difficult,  as  the  thermal  conductivity  of  In-based  alloys 
lattice  matched  to  InP  is  low  (20-30  times  lower  than  for  GaAs-AlAs  DBRs)  and  the  heat  dissipation  is  much  less 
efficient. 

Successful  realization  of  cost-effective  long  wavelength  VCSELs  on  GaAs  substrates  with  parameters  close  or  better 
than  those  for  0.85  pm  devices  is  one  of  the  most  challenging  and  promising  task  of  modem  semiconductor 
optoelectronis.  As  it  will  be  shown  in  this  paper  InAs  QDs  grown  on  GaAs  substrates  is  a  very  promising  candidate  to 
fulfill  this  task. 

A  remarkable  progress  has  been  achieved  in  the  understanding  of  universal  phenomena  of  self-organization  of 
epitaxial  nanostructures  at  crystal  surfaces  over  last  decade.  Significant  technical  improvements  of  epitaxial  techniques, 
including  Molecular  Beam  Epitaxy  (MBE).  such  as  improved  initial  quality  of  materials,  reduced  residual  pressure  in 
MBE  reactors,  better  reproducibility  of  growth  regimes  from  ran  to  run.  better  uniformity  and  lower  defect  density  have 
been  also  done.  This  is  a  solid  basement  for  further  fascinating  device  development  which  is  expected  for  QD  material. 

Besides  VCSEL  application,  the  overwhelming  part  of  potential  advantages  of  QDs  has  been  verified  today  for  other 
types  of  devices  [\4]  and  new  previously  unexpected  advantages  have  been  demonstrated.  It  has  appeared,  for  example, 
that  the  use  of  QDs  in  diode  lasers  has  also  several  decisive  technological  advantages: 

(i)  Largely  extended  wavelength  control  by  QD  size  and  composition  on  a  given  substrate.  Lasing  wavelengths  at 
1.3  pm  and  1.5  pm  spectral  range  are  realized.  This  gives  a  chance  for  creation  of  unified  technology  of  GaAs-based 
lasers  for  spectral  ranges  important  for  telecom,  datacom,  automotive  datacom  and  optical  wireless  applications. 

(ii)  Carrier  confinement  in  narrow  gap  QDs  placed  in  a  wide  gap  matrix  can  prevent  nonequilibrium  carrier 
spreading  and  nonradiative  recombination.  This  improves  radiation  hardness  [5],  suppresses  side  wall  recombination  in 
devices  etched  through  the  active  region  [6]  and  suppresses  the  facet  overheating,  increasing  the  catastrophic  optical 
min  or  damage  (COMD)  level  [7.8]. 

(iii)  in  many  cases.  QDs  advantages  are  still  not  even  well  understood.  Quite  surprisingly  semiconductor  optical 
amplifiers  (SOAs)  ( which  are  not  addressed  in  this  paper) based  on  QD  GaAs  show  remarkable  promise  to  outperform 
InGaAsP  bulk  and  QW  SOAs  as  in  the  case  of  lasers  since  QD  SOAs  show  gain  recovery  times  of  140  fs,  4-7  times 
faster  than  classical  ones  [9]. 

2.  Design  and  MBE  growth  of  1.3  |am  QDs  for  active  media  of  diode  lasers 

The  need  in  high  optical  gain  makes  the  surface  density  of  QDs  be  one  of  the  key  parameters  when  choosing  the  most 
promising  among  existing  approaches  to  the  growth  of  1.3-|un  QDs,  provided  that  all  of  them  offer  about  the  same  level 
of  size  distribution.  InAs  QDs  embedded  into  InGaAs  layer,  which  were  proposed  for  1.3-pm  lasers  almost 
simultaneously  by  several  research  groups  ['W'],  have  the  highest  surface  density  compared  to  the  other  growth 
techniques  like  atomic  layer  deposition  [ 13 j  or  low-rate  growth  deposition  ['  ]. 

The  maximum  gain  can  be  increased  by  improving  size  distribution  of  QDs.  Promising  results  in  this  direction  were 
presented  very  recently  in  [15],  however  reported  technique  of  “leveling  and  rebuilding  was  applied  to  InGaAs  QDs 
emitting  at  a  shorter  wavelength.  Using  QDs  of  first  layer  as  seeding  centers  is  also  a  possible  way  to  improve  gain 
characteristics  of  QDs  of  the  next  layer  through  their  improved  uniformity  [16]  or  increased  surface  density  [  ].  Although 
accumulation  of  high  strain  in  1.3-pm  QDs  limits  the  flexibility  of  design  and  growth  condition,  a  careful  adaptation  of 
mentioned  methods  to  these  QDs  could  be  aimed.  The  multiple  stacking  of  QDs  with  relatively  thick  spacer  layers  is 
currently  most  developed  and  commonly  used  method  to  increase  gain  of  QD  lasers. 
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Previously,  we  have  demonstrated  1.3-pm  VCSEL  with  highly-reflective  AlO/GaAs  distributed  Bragg  reflectors 
(DBR)  based  on  three  layers  of  these  QDs  [18].  Further  increase  in  the  number  of  QD  planes  aiming  increment  in  modal 
gain  typically  led  to  degradation  of  laser  characteristics  [19],  until  very  recently  a  breakthrough  in  the  technology  of 
multiple  stacking  of  1.3-pm  QDs  was  achieved  by  several  groups  [“  5  layers  of  QD  layers  placed  in  p- type  doped 

Alo.05Gao.95As/Alo.85Gao.15As  waveguide  demonstrated  extremely  high  characteristic  temperature  (T0)  of  232  K  [20]. 

QDs  formed  in  Stranski-Krastanow  growth  mode  by  deposition  of  2.5-3  monolayers  (ML)  of  InAs  emit  around 
1.2  pm.  To  obtain  1.3-pm  emission  they  have  to  be  either  placed  in  the  middle  of  InGaAs  QW  or  deposited  directly  on 
GaAs  and  then  covered  by  InGaAs  layer.  In  this  case  the  surface  density  of  QDs  equals  to  about  3-r5xl010  cm2.  There 
are  a  few  possible  reasons  of  the  red  shift  of  emission  in  this  case.  The  most  obvious  is  the  decrease  of  band-gap  of 
surrounding  material.  However,  our  experiments  showed  that  when  InGaAs  layer  was  substituted  for  InAlAs  layer  with 
band  gap  closed  to  GaAs  the  ured  shift''  could  be  even  stronger  [23].  Another  reason  is  the  strain  reduction  in  QDs,  when 

they  are  covered  with  InGaAs  layer  [10].  Also,  the  presence  of  In 
in  covering  material  can  reduce  In  out-diffusion  from  QDs.  It 
results  in  the  sharper  heterointerface  and,  in  turn,  in  deeper 
position  of  energy  levels  in  QDs.  However,  we  believe  that  the 
phase  separation  of  the  covering  layer  has  the  most  significant 
effect  on  the  observed  red  shift  of  emission  [24].  Once  the  dots 
are  covered  by  the  InGaAs  alloy,  it  is  energetically  favorable  for 
InAs  molecules  to  nucleate  at  the  elastically  relaxed  islands.  It 
leads  to  the  increase  in  the  volume  of  strained  islands,  as  it  can 
be  clearly  seen  in  Figure  1. 

Growth  condition  including  growth  temperature,  growth  rate, 
V-in  ratio,  thickness  of  deposited  layers.  In  content  in  the 
InGaAs  layer  is  the  subject  of  careful  optimization  to  improve 
parameters  of  the  QDs.  A  detailed  study  of  growth  regimes  of 
QDs.  used  in  our  lasers,  was  presented  earlier  in  [24,2:>].  We 
found  that  the  reduction  of  total  amount  of  InAs  (QDs  plus  QW) 
is  one  of  the  key  points  to  achieve  bright  photoluminescence  at 
desired  wavelength.  In  the  lasers  in  this  work  the  QDs  emitting 
at  1.28  pm  were  directly  formed  on  GaAs  matrix  at  485°C  by 
deposition  of  2.5  ML  of  InAs  at  the  growth  rate  of  0.083  ML/sec  and  then  covered  with  5-nm  thick  In0 15Ga0.85As  layer 
(Fig.l).  In  situ  defect-reduction  technique  proposed  in  [26]  can  be  applied  to  selectively  eliminate  dislocations  and  defect 
dipoles,  which  may  be  formed  simultaneously  with  formation  of  QDs. 

Another  parameter,  which  needs  to  be  optimized,  is  the  thickness  of  spacer  layer  between  QD  stacks.  High  strain 
accumulated  in  each  QD  layer  requires  relatively  thick  spacer  layers.  At  the  same  time  a  large  distance  between  QD 
layers  reduces  contribution  of  side  layers  to  the  modal  gain.  We  found  that  the  GaAs  spacer  of  around  30  nm  thickness 
provides  a  possibility  to  grow  up  to  10  QD  layers  without  any  noticeable  degradation  in  optical  properties  [21]. 

3.  Performance  of  broad  area  QD  lasers 

The  lasers  presented  in  this  paper  were  grown  by  solid  source  MBE  in  different  apparatus;  Riber  32P,  which  is  a 
machine  of  laboratory  scale  (one  2  inch  or  3  inch  wafer  per  growth  run),  Riber  Epineat,  which  is  a  semi-production 
system  (three  2  inch  wafers  or  one  4  inch  wafer  at  once),  and  in  a  system  Riber  MBE49,  which  is  a  production  machine 
for  optoelectronic  needs  (five  3  inch  wafers  per  growth  run).  It  allowed  us  to  accommodate  knowledge  about  influence 
of  epitaxial  equipment  on  QD  technology  and  work  out  valuable  recommendations  for  configuration  and  design  of  MBE 
chamber  optimized  for  growth  of  QD  lasers. 

Different  numbers  of  layers  (7V= 2,  5,  10)  with  QDs  in  GaAs  matrix  formed  as  described  in  the  previous  chapter  were 
used  in  an  active  region  of  lasers  in  study.  The  typical  laser  design  is  as  follows.  Waveguide  of  total  thickness  of  0.5  pm 
consists  of  GaAs  core  layer  with  QDs,  about  10  periods  of  short-period  2nm/2nm  Al0  27Ga0  73As/GaAs  superlattices  and 
50-nm-thick  Alo.27Gao.73As-Alo.7Gao.3As  graded  layers  on  both  sides.  1.5  pm-thick  Si -  and  Zte-doped  Alo  yGaojAs  layers 
were  used  as  n-  and  /?-type  cladding  layers. 


100  nm 


Fig.l.  Plan-view  transmission  electron  microscopy 
image  of  single  layer  of  QDs  formed  by  (a)  2.5  ML 
InAs  deposition  followed  by  GaAs  overgrowth  and  (b) 
2.5  ML  InAs  deposition  followed  by  overgrowth  with  a 
5-nm-thick  Ino.15Gao.85As  layer  prior  to  GaAs 
deposition 
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3.1  Pulsed  operation  (Threshold,  differential  efficiency) 


For  pulsed  measurements,  aiming  evaluation  of  internal  properties  of  active  region  such  as  transparency  current  and 
internal  loss,  the  lasers  were  processed  into  100-pm-wide  stripes  (broad  area  devices)  of  different  cavity  length  with  as- 
cleaved  facets.  Measurements  of  threshold  current  density  and  differential  efficiency  were  performed  in  pulsed 
operation  regime  (2  jlls,  2  kHz). 

Fig.2  shows  the  dependence  of  output  power  on  drive  current  of  the  1.5-mm-long  laser  based  on  10  layers  of  QDs 
along  with  electroluminescence  spectra  recorded  at  different  drive  currents.  The  lasing  proceeds  in  the  maximum  of 
ground-state  emission.  High  output  power  (5W)  operation  considerably  widens  the  lasing  spectrum.  The  threshold 
current  is  220  mA  and  slope  efficiency  is  0.78  W/A,  corresponding  to  the  threshold  current  density  (Jth)  of  147  A/cm' 
and  t]D  of  80%. 

Dependences  of  the  threshold  current  density,  lasing  wavelength,  and  external  differential  efficiency  on  the  cavity 
length  ( L )  are  summarized  in  Fig. 3  for  diodes  operating  at  ground  state.  For  the  5-QD-  and  10-QD-lasers  the  threshold 
current  density  is  in  the  100-200  A/cm“  range  for  L  longer  than  1  mm.  Stronger  dependence  of  on  L  and  shorter 
emission  wavelength  of  2-QD-laser  are  caused  by  the  lower  value  of  maximum  optical  gain  in  this  structure. 
Nevertheless,  we  would  like  to  emphasize  that  this  structure  demonstrate  GS  lasing  even  in  the  diode  of  675  pm  length. 
Lasers  based  on  5  and  10  QD  layers  demonstrate  GS  lasing  in  shorter  cavity  diodes  down  to  500  pm.  Diodes  with  even 
shorter  L  oscillate  via  excited  state  (ES)  at  about  1.18  pm. 

It  can  be  seen  that  Jth  increases  significantly  for  diodes  shorter  than  1  mm.  This  is  accompanied  by  the  blue  shift  of 
the  lasing  wavelength  and  by  steep  decrease  of  differential  efficiency  in  the  shortest  diodes.  Such  a  behavior  indicates 
that  position  of  electron  and  hole  Fermi  levels  at  lasing  threshold  is  different  for  different  Z.  It  means  that  population  of 
matrix  states  and  free  carrier  absorption  in  waveguide  are  higher  for  shorter  Z.  Thus,  internal  loss  (r?i)  of  laser  diode 
becomes  cavity-length  dependent.  In  this  case  the  determination  of  0\  and  by  linear  fit  of  1///d-Z  dependence,  which  is 
commonly  used  for  QW  lasers  [27],  is  not  really  applicable  for  our  QD  diodes.  Nevertheless,  we  would  like  to  mention 
here  that  linear  extrapolation  for  10-QD  lasers  gives  value  of  internal  loss  below  2  cm  1  and  internal  quantum  efficiency 
above  95%. 


Fig.2.  Pulsed  RT  L-I  curve  for  the  laser 
diode  based  on  10  layers  of  QDs  (100-pm- 
wide  and  1.5  -mm-long  diode  with  as 
cleaved  facets).  Spectra  at  different  currents 
are  shown  on  inserts. 


Fig.3.  Dependences  of  (a)  the  threshold  current  density.  /,/„  lasing  wavelength,  X,  and  (b)  the  differential  efficiency, 
,to.  on  the  cavity  length.  L,  for  lasers  based  on  2  (open  circles).  5  (open  squares)  and  10  (solid  triangles)  layers  of 
QDs.  Lines  are  shown  for  eye-guidance. 


34  Proc.  ofSPIEVol.  5349 


As  it  follows  from  Fig. 3(b)  the  higher  number  of  QD  layers  in  the  active  region  provides  higher  value  of  the 
differential  efficiency.  Increase  in  the  number  of  QD  planes  has  been  show  to  prevent  the  carrier  pile-up  in  the 
waveguide  and  hence  to  lower  a,  in  QD  lasers  of  a  shorter  wavelength  [28].  It  results  in  increasing  ijD  for  the  diodes  of 
the  same  L.  This  effect  in  the  combination  with  the  extended  range  of  the  GS  lasing  (shorter  diodes)  leads  to  the 
improved  maximum  external  differential  efficiency,  which  is  equal  to  80,  84  and  88%  for  2-,  5-  and  10-QD  lasers. 

3.2  Temperature  stability  of  threshold  current  density 

Temperature  dependences  ofyth  of  and  lasing  wavelength  of  1.5  mm  long  diodes  based  on  2,  5  and  10  QD  layers  are 
presented  in  Fig.4.  There  are  two  distinct  regions  in  Jth  temperature  behavior.  T0  is  130-150  K  below  50°C,  whereas  at 
higher  observation  temperature  it  is  considerably  lower.  The  laser  with  5  stacks  of  QDs  has  demonstrated  the  highest  T0 
of  150  K  in  20-50°C.  For  the  lasers  based  on  2  and  10  QD  layers  T0  were  equal  to  140  K  and  130  K,  respectively. 
Degradation  of  differential  efficiency  from  20  to  80°C  was  found  to  be  only  about  10%. 

As  was  mentioned  in  the  introduction,  p- type  doping  of  the  matrix  can  provide  T0  more  than  200  K  [20],  however, 
there  is  a  “trade  off’  of  T0  and  /fa  in  this  approach.  We  believe  that  further  reduction  of  defects  associated  with  growth 
of  highly  strained  material  can  be  the  key  to  further  improve  temperature  stability  of  threshold  current.  Recent 
unpublished  temperature  behavior  of  QD  lasers  is  shown  in  Fig. 5.  The  region  of  high  temperature  stability  is  enhanced 
to  higher  temperature  as  compared  with  previous  results.  Threshold  current  density  is  still  below  400  A/cm2  at  150°C. 
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Fig.5.  Temperature  dependences  of  Jth  for  4-cleaved 
facets  laser  based  on  5  layers  of  QDs  grown  with  special 
technique  to  reduce  defect  density.  ( unpublished  result ) 
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Fig.4.  Temperature  dependences  of  Jth  and  wavelength  of 
1.5-mm-long  lasers  based  on  2  (open  circles),  5  (open 
squares)  and  10  (solid  triangles)  QD  stacks. 


3.3  CW  operation  of  broad  area  lasers 

To  realize  high  power  out  of  diode  laser  in  CW  operation  regime  a  special  attention  has  to  be  paid  to  series  resistance. 
Specially  designed  QD  laser  was  grown  with  improved  doping  profile  to  check  high  current  operation  of  QD  devices. 
Laser  structure  contained  5  layers  of  QDs.  The  laser  design  was  chosen  to  be  similar  as  described  above  with  slightly 
higher  doping  of  cladding  and  graded  layers.  100-pm-wide  1.6  mm-long  diodes  were  bonded  on  a  heatsink  after  HR/AR 
coating. 

Fig. 6  shows  CW  operation  at  heatsink  temperature  of  15°C.  Lasing  spectra  at  different  drive  currents  are  in  Fig6(b). 
Lasing  spectra  get  broader  and  shifts  toward  longer  wavelength  with  increasing  of  drive  current.  CW  power  reaches  level 
of  3W  without  any  noticeable  thermal  rollover.  This  value  is  limited  by  power  supply.  The  wall  plug  efficiency  reaches 
30%  at  2A  and  remains  higher  than  20%  at  high  drive  current.  The  threshold  current  density  is  below  200A/cnr  and 
differential  efficiency  is  higher  than  65%  in  CW  operation.  These  values  are  superior  to  InP-based  counterparts. 
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Fig.6.  CW  operation  of  broad  area  QD  laser  based  of  5-layers  of  QDs  with  reduced  series  resistance.  No  significant  thermal 
rollover  is  observed  up  to  high  currents.  Lasing  spectra  were  recorded  at  different  drive  currents. 

4  Performance  of  narrow  ridge-waveguide  single  lateral  mode  diodes 


The  QD  laser  wafers  were  used  for  the  fabrication  of  ridge  waveguide  lasers  with  a  stripe  width  of  2.7  or  4.5  pm. 
Fig.  7  shows  a  scanning  electron  micrograph  of  the  typical  laser  cross  section.  The  ridge  profile  was  formed  by 
plasmachemical  etching  in  a  C12/Ar  gas  mixture  in  a  high-density  plasma  regime.  The  etching  depth  was  monitored  by 
laser  interferometer.  The  process  was  terminated  at  the  boundary'  between  the  upper  emitter  and  the  waveguide  layer. 
The  insulating  layer  of  SiN.v  was  formed  by  plasma-activated  vapor  deposition.  A  window  in  the  insulating  layer  for  the 
Ti/Pt/Au  /7-contact  deposition  was  made  using  the  self-matched  mask  technique.  In  order  to  provide  for  a  reliable 
electric  contact,  the  /7-side  of  the  structure  was  galvanically  coated  with  an  0.5-pm-thick  gold  film.  The  lasers  were 
fixed  with  the  />-side  up  by  soldering  onto  metallized  AIN  ceramic  substrates  with  a  thermal  conductivity  coefficient  of 
1.7  W/(mK)  and  mounted  in  standard  T046  cases. 

4.1  Low  threshold  diode 

To  demonstrate  ability  of  QD  laser  as  an  extremely  low  threshold  device  laser  diode  with  cavity  length  of  600  pm 
was  fabricated  from  2-QD  laser  structure.  The  front  and  rear  cleaved  mirror  facets  were  coated  with  electron  beam 
deposited  high-reflection  (HR)  interference  films  comprising  three  and  four  Al203/Si  bilayers  respectively.  Fig.8  shows 


Fig.7  SEM  cross  section  image  of  QD  laser  Fig.8  CW  operation  of  ridge  waveguide  laser  based  on  2  QD  sheets 

Lasing  spectra  at  different  currents  are  shown  in  the  insert. 
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the  typical  output  power-drive  current  characteristic  of  such  a  laser  measured  in  CW  regime.  A  minimum  threshold 
current  reached  in  such  laser  diodes  1.4  niA.  This  is  a  record  value  for  ridge  waveguide  lasers.  Lower  thresholds 
reported  in  the  literature  were  obtained  only  in  lasers  with  the  cavity  design  ensuring  localization  of  charge  carriers  in 
the  mesa  region,  such  as  quantum-well  lasers  with  regrown  mesa  [29]  and  QD  lasers  with  oxidized  aperture  [30].  Despite 
the  HR  coating  on  the  front  (output)  facet,  this  device  still  has  a  reasonable  external  slope  efficiency  of  0.074  W/A  and 
an  output  power  of  5.5  mW  at  a  drive  current  of  100  mA.  Such  a  low  CW  threshold  current  is  explained  by  low  internal 
optical  losses  in  the  heterostructures  (about  1.5  cm-1,  as  determined  from  the  dependence  of  the  differential  efficiency 
on  the  cavity  length)  and  by  a  small  number  of  the  carrier  states  in  the  active  region  of  a  laser  with  two  QD  layers, 
determining  low  transparency  current.  The  inset  in  Fig.  8  shows  the  lasing  spectra  measured  for  various  drive  currents 
(10,  40,  and  90  mA).  In  the  whole  range  of  drive  currents,  lasing  involves  only  the  ground  state  of  the  QD  array. 

4.2  High  power  CW  operation 

To  obtain  high  differential  efficiency  HR/AR  coating  was  used  for  structures  containing  higher  number  of  QD 
layers.  For  example,  75%  differential  efficiency  at  CW  operation  was  achieved  in  the  ridge-waveguide  laser  diode  based 
on  5  layers  of  QDs  of  1-mm-long  cavity  [31j.  The  threshold  current  was  still  as  low  as  4.5  mA.  One  can  see  that 
depending  of  practical  application  laser  parameters  can  be  adjusted  in  a  wide  range  by  means  of  design  of  active  region 
and  design  of  output  loss  in  a  laser  diode. 

Fig. 9  shows  recent  unpublished  result.  The  CW  output  power  (from  both  uncoated  facets)  with  single  lateral  mode 
as  high  as  300  mW  is  achieved.  To  the  best  of  our  knowledge  this  is  the  highest  value  reported  for  1.3  pm  GaAs  based 
single  lateral  mode  lasers.  Regardless  clear  practical  application  of  1.3  pm  laser  with  such  a  high  power  this  result 
indicates  that  QD  devices  show  excellent  performance  under  high  current  density.  No  current  induced  transition 
between  ground  state  and  excited  state,  which  can  be  caused  by  insufficient  fast  carrier  capture  into  ground  state  at  high 
photon  flux,  was  observed. 
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Fig.9  Dependence  of  CW  output  power,  voltage  and  wall-plug  efficiency  on  drive  current  for  ridge-waveguide  QD  laser  based 
on  5  layers  of  QDs  with  as-cleaved  facets.  Slow  axis  far  field  patterns  prove  single  lateral  mode  operation  up  to  high  currents. 


5.  Suppression  of  non-linear  effects  in  QD  lasers 
5.1  Reduced  linewidth  enhancement  factor 

In  semiconductor  lasers  a  change  in  the  injection  current  causes  a  modification  of  the  gain/absorption  curve  and, 
according  to  the  Kramers-Kronig  equations,  the  respective  change  in  the  resonant  component  of  the  refractive  index.  In 
QW  lasers  the  spectral  range  of  the  most  significant  change  in  the  refractive  index  coincides  with  the  lasing  wavelength, 
which  is  typically  placed  on  a  longer  wavelength  side  of  the  initial  absorption  onset  due  to  the  electron-hole  plasma- 
induced  band-gap  narrowing  effect.  Consequently,  a  significant  change  in  the  wavelength  of  the  Fabry-Perot  modes 
occurs  with  current  injection.  A  similar  effect  occurs  also  in  distributed  feedback  (DFB)  QW  devices. 

As  opposite,  as  the  ground  state  absorption  or  the  gain  peak  of  the  QD  laser  can  be  highly  symmetric,  the  lasing 
energy  appears  to  be  close  to  the  gain  maximum.  In  such  a  situation  the  resonant  component  of  the  refractive  index  and 
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the  linewidth  enhancement  factor  responsible  for  the  wavelength  shift  (a-factor)  should  be  close  to  zero,  as  it  is  shown 
schematically  in  Fig.  10.  (In  reality,  gain  spectra  of  QD  lasers  may  be  quite  different  from  the  idealized  case  depending 
on  the  impact  of  the  homogeneous  broadening  and  the  relative  energy  spacing  between  the  inhomogeneously-broadened 
ground  and  the  excited  state  QD  exciton  energy  levels.) 

For  example,  long- wavelength  (>1.25  pm)  MBE  QD  lasers  typically  demonstrate  well-resolved  symmetric  ground 
state  QD  gain  peak  as  it  is  shown  in  Fig.  11  for  the  case  of  1.28  pm  edge-emitting  laser  based  on  3-fold  stacked  InAs 
QDs  [32].  This  symmetric  shape  of  the  gain  spectrum  together  with  relatively  low  modal  gain  can  be.  indeed,  responsible 
for  the  remarkaby  weak  wavelength  chirp  in  QD  lasers  [33]. 
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Fig.  10: Schematic  illustration  of  difference  in  gain  spectra  and 
refractive  index  modulation  in  quantum  well  and  quantum  dot 
lasers.  Note  that  lasing  in  QD  lasers  takes  place  near  the  ground 
state  gain  maximum. 


Fig.  11:  Gain  spectra  of  long- wavelength  QD  GaAs 
laser.  Note  symmetric  ground  state  gain  peak  at  currents 
near  the  lasing  threshold  (70  A/cm2  for  2  mm  cavity 
length). 


Reduced  linewidth  enhancement  factor  is  indeed  serious  advantage  of  QD  lasers  against  QW  based  counterparts. 

Another  feature  of  QD  laser  which  is  probably  caused  by  the  same  reason  of  reduced  non-linearity  is  reduced 
sensitivity  of  external  optical  feedback.  This  fact  is  not  presented  in  this  paper  and  is  to  be  described  and  discussed  in 
the  proceedings  of  another  presentation  at  the  conference  [34].  This  fact  is  of  very  high  practical  importance,  since  such  a 
feature  may  allow  laser  module  fabrication  without  optical  isolator.  In  addition  to  the  absence  of  TE-cooling  element  for 
1 .3  pm  QD  lasers  it  may  considerably  reduce  the  cost  of  transceiver  module. 

Further  investigation  of  these  issues  will  follow  to  fully  clarify  the  physical  reasons  and  identify  the  dependence  of 
a-factor  and  reduced  sensitivity  of  QD  laser  to  optical  feedback  on  laser  operation  regime. 

5.2.  Reduced  beam  fllamentation 

Reduced  a-factor  also  results  in  the  reduced  beam  fllamentation  in  QD  lasers.  The  beam  fllamentation  effect  arises 
from  the  refractive  index  dependence  on  the  injection  current  fluctuations.  As  it  was  just  mentioned,  the  change  in  the 
injection  current  may  cause  significant  change  in  the  gain  spectrum  affecting  the  resonant  component  of  the  refractive 
index  of  the  active  media.  At  the  lasing  wavelength  this  modulation  is  far  less  important  for  QD  devices  than  for  QW 
devices.  Furthermore,  the  areas  with  local  fluctuations  of  the  refractive  index  capable  of  confining  the  light,  exhibit  a 
higher  rate  of  stimulated  emission  and  should  be  faster  refilled  by  injected  nonequilibrium  carriers.  In  QWs  additional 
currents  can  be  channeled  into  these  regions  from  the  nearby  regions  causing  a  positive  feedback  effect  called  current 
fllamentation”.  Carrier  localization  in  QDs  suppresses  this  effect  and  may  reduce  the  beam  fllamentation  further. 

In  Fig.  12  we  show  near-field  patterns  of  GaAs-based  QW  and  QD  lasers  grown  in  a  similar  design  and  piocessed  in 
a  similar  ridge  stripe  geometry'  [35].  The  QW  laser  (MOCVD)  emits  at  1.1  pm,  and  the  QD  lasers  emit  at  1.1  pm  (grown 
by  MOCVD)  or  at  1.3  pm  (MBE).  First,  it  is  clearly  seen  from  Fig.  12  that  in  spite  of  the  similar  lasing  wavelength 
(—1.1  pm),  the  similar  epitaxial  and  processing  designs  and  the  same  growth  equipment  used  (MOCVD)  the  near  field 
of  the  QW  device  is  much  more  extended  in  the  lateral  direction  as  compared  to  both  the  geometrical  stripe  width 


38  Proc.  of  SPIE  Vol.  5349 


Output  power  (  mW  ) 


(6  pm)  and  the  QD  laser  near-field  pattern.  This  is  a  direct  consequence  of  the  pronounced  nonequilibrium  carrier 
spreading  in  QWs,  absent  for  QD  devices. 
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Another  important  feature  of  the 
near-field  pattern  of  the  QW  laser  is  a 
clearly  revealed  beam  filamentation, 
which  is  completely  absent  in  the  QD 
lasers  studied.  The  beam  filamentation 
seen  in  the  QW  laser  occurs  on  a 
length  scale  of  2-3  pm,  also  in  the  case 
when  the  output  power  of  the  device  is 
relatively  low. 

The  key  parameter  of  the  laser 
beam,  characterizing  it’s  quality  is  M2. 
Ideal  diffraction-limited  laser  beam, 
which  can  be  precisely  focused  to  a 
single  spot  or  converted  into  an  ideally 
parallel  beam  has  M2=l.  The  beam 
quality  of  the  1.3  pm  QD  lasers  was 

found  to  be  the  best  and  remained  remarkably  high  with  M2  values  close  to  unity  [35]  up  to  high  powers  and  maximum 
stripe  widths  studied  (9  pm)  at  which  high-order  transverse  modes  appear.  More  efficient  suppression  of  nonequlibrium 
carrier  diffusion  in  deeper  QDs  and  a  lower  a-factor  due  to  the  a  influence  of  the  excited  QD  and  continuum  states  are 
responsible  for  the  improved  performance  of  long- wavelength  MBE  QD  GaAs  lasers  [3']. 


Fig.  12:  Comparison  of  the  near-field  patterns  of  QW  and  QD  lasers  grown  in 
similar  waveguide  geometry.  Note  clearly  resolved  beam  filamentation  (2-3  pm)  in 
the  case  of  the  QW  device. 


5.3  Longitudinal  Mode  Grouping  in  QD  Lasers 

It  was  found  that  lasing  spectra  of  ridge-stripe  QD  lasers  may  demonstrate  a  strong  tendency  towards  longitudinal 
mode  grouping  evidenced  as  multiple  quasi-equi distant  peaks  in  the  lasing  spectrum  [36,37,38]. 

Detailed  studies  of  the  dependence  of  the  characteristic  separation  between  the  valleys  in  the  lasing  spectrum  on  the 
ridge  stripe  width  of  QD  lasers  was  done  in  [39].  It  was  clearly  shown  that  the  mode  group  spacing  strongly  increases 
with  decrease  in  the  ridge  stripe  width,  evidencing  the  impact  of  the  transverse  cavity  effect.  It  was  concluded  that  the 
transverse  cavity  and  the  respective  partial  transverse  holebuming  effect  in  the  inhomogeneously-broadened  QD  gain 
spectrum  affects  the  lasing  in  the  longitudinal  direction. 

One  should  also  additionally  stress,  that  the  observation  of  the  transverse  cavity  mode  groups  up  to  high  currents  and 
stripe  widths  (50  pm)  is  only  possible,  when  the  device  exhibits  no  beam  filamentation.  Otherwise  the  curved  beam 
filaments,  which  make  the  optical  field  distribution  nonunifomi  and  provide  extra  reflections  at  the  filament  boundaries, 
would  mask  the  transverse  cavity  resonator.  This  fact  additionally  stresses  the  major  difference  of  the  QD  lasers  with 
respect  to  the  QW  devices. 

Mode  grouping  effect  can  be  either  enhanced  or  avoided  depending  on  the  laser  stripe  design.  Shallow  stripe  QD 
lasers  do  not  show  pronounced  mode  grouping,  while  the  devices  where  the  etching  is  terminated  just  at  the  waveguide 
layer  demonstrate  remarkably  strong  mode-grouping  with  intensity  modulation  in  the  lasing  spectra  exceeding  three 
orders  of  magnitude.  This  potentially  allows  achieving  simple  and  cost-efficient  wavelength  stabilization  of  the  device. 


Fig.  13:  L-l  curves  (a,  b)  of  QD  lasers 
fabricated  in  shallow  (c)  or  deep  (d) 
mesa  geometry.  The  emission  spectra 
are  presented  for  50-pm-wide  stripes 
at  different  currents  between  0.8  and  4 
Ith.  The  spectra  (e)  and  (f)  correspond 
to  the  devices  with  etching  profiles 
revealed  in  scanning  electron 
microscopy  images  (c)  and  (d), 
respectively. 
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5.4  Suppression  of  Surface  Recombination  in  QD  Lasers 

Potential  of  optical  mode  and  wavelength  control  in  QDs  lasers,  originating  from  the  reduced  a-factor  and  suppressed 
beam  filamentation.  can  be  further  extended  by  fabrication  of  etched-through-waveguide  laser  structures,  which  keep 

exceptionally-good  device  performance.  1.3  pm-range  narrow- 
stripe  (8  pm)  MBE  quantum  dot  (QD)  lasers  processed  in  deep 
mesa  geometry  etched  through  the  waveguide  demonstrate  high 
differential  efficiency  (50%),  stable  ground-state  lasing  and  low 
threshold  current  density  (<130  A/cm2)  [55].  This  observation 
opens  a  new  way  for  cost-efficient  fabrication  of  distributed 
feedback  and  photonic  crystal  QD  devices.  As  opposite,  QW 
devices  fabricated  in  the  same  etched-through-wavegiride  design 
demonstrated  no  lasing  due  to  the  strong  impact  of  the  surface 
recombination  of  nonequilibrium  carriers  at  the  open  mesa 
sidewalls. 


Fig.  14:  Scanning  electron  microscopy  images  (a-c)  and  L-I  curves 
(d)  of  1.3  pm  QD  devices  fabricated  in  shallow  (a)  or  deep  (b,  c) 
mesa  geometry  with  termination  of  the  etching  before  (a,  b)  or  after 
(c)  the  waveguide  layer.  Worse  performance  of  the  shallow  mesa 
device  is  due  to  significant  current  spreading. 
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6. 1.3  pm  intracavity-contacted  QD  VCSEL  with  all-semiconductor  DBR 

Previously  we  reported  on  CW  opearaltion  of  QD  VCSEL  with  AlO/GaAs  DBR  [18].  This  design  with  low  output 
loss  was  chosen  to  ensure  vertical  lasing  since  only  three  layers  of  QDs  were  used  in  the  active  region.  In  spite  of  low 
output  loss  we  demonstrated  differential  efficiency  of  40%  due  to  very  low  round  trip  loss.  The  highest  output  CW 
power  approached  1.25  mW  for  8  pm  aperture  [4n]  and  maximum  wall-plug  efficiency  approached  15%.  QD  VCSEL 
appeared  to  be  quite  robust  to  degradation.  Operation  lifetime  in  excess  of  5000  h  at  50  C  was  demonstrated. 

Improvement  of  technology  of  multiple  stacking  of  QDs  recently  allowed  us  to  achieve  1.3  pm  single  mode  CW 
operation  with  average  device  power  of  1.5  mW  ("hero  '  device  up  to  2  mW)  at  room  temperature  in  intracavity 
contacted  VCSEL  with  all-semiconductor  DBR.  [4I]. 

VCSEL  heterostructures  consist  of  a  2/.-thick  GaAs  microcavity  containing  three  sets  of  triple-stacked  InAs/InGaAs 
quantum  dot  sheets.  A  schematic  of  this  arrangement  is  shown  in  Fig.  15(a).  from  which  it  can  be  observed  that  each 
group  of  three  vertically  stacked  quantum  dots  is  placed  at  an  antinode  of  the  standing  wave  (electric-field  intensity) 
within  the  2A.-thick  GaAs  microcavity.  The  microcavity  is  surrounded  by  two  -A./4-thick  AloosGa^As  layers  (step- 
graded  from  GaAs  to  Alo98Ga(io2 As  over  ~24  nm.  with  6-nm-thick  steps  of  AlGa,.xAs  with  x=0.1.  0.25,  0.6,  and  0.8) 
which  are  later  selectively  oxidized  to  form  both  current  and  tapered  waveguide  apertures.  These  Al0.9sGa0.02As  layeis 
are  followed  by  1.75/V-thick  intracavity  contact/current  spreading  layers  which  are  followed  by  undoped  and  ungraded 
Alo9Gao  iAs/GaAs  distributed  Bragg  reflectors  (DBR)  with  29  periods  in  the  top  (light  emitting)  DBR  and  35.5  periods 
in  the  bottom  (highly  reflecting)  DBR.  The  1.75^-thick  intracavity  contact  layer  is  doped  with  Be  to  lxlO18  cnf3  and 
includes  A./8-thick  Be  doping  spikes  to  lxlO19  cm'3  centered  at  the  two  standing  wave  nodes  closest  to  the  top  DBR. 
Similarly,  the  lower  n-doped  1.75/.-thick  intracavity  contact  layer  is  doped  with  Si  to  1.5xl018  cm'3  and  includes  A./8- 
thick  Si  doping  spikes  to  4xl019  cnf3  centered  at  the  two  standing  wave  nodes  closest  to  the  bottom  DBR. 

In  addition  to  the  all-semiconductor  QD  VCSELs  described  above,  other  sim81ar  QD  active  region  test  structures, 
bottom-emitting  QD  VCSELs,  resonant-cavity  enhanced  light  emitting  diodes  (RC  LED)  were  grown  for 
design/optimization  studies.  The  active  structures  RC  LED  are  identical  to  the  QD  VCSELs  described  above  except  that 
the  GaAs  substrate  is  n-type.  the  bottom  DBR  consists  of  only  12.5  periods  of  ungraded  a/4  thick  AlAs/GaAs  layers  all 
n-doped  with  Si  to  1.5xl018  cnf3,  and  a  top  DBR  is  not  included.  The  room  temperature  normalized  electroluminescence 
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(EL)  intensity  from  QD  RC  LED  test  device  with  an  AlGaO-current  aperture  as  a  function  of  forward  bias  current  is 
given  in  the  semi-log  plot  of  Fig.l5(c).  We  obtained  a  peak  in  the  EL  spectra  near  1280  nm,  corresponding  to  the  RC 
LED  resonance  and  close  to  the  desired  peak  emission  wavelength  from  the  ensemble  of  QDs  in  the  microcavity. 

After  epitaxial  growth,  the  QD  VCSELs  are  fabricated  into  electrically-injected  devices  as  shown  schematically  in 
Fig.  15(b).  Two  mesa  patterns  are  defined  on  the  wafer  surface  using  Cl2  and  BC13  gas  in  an  inductively  coupled  plasma 
etching  system  and  in-situ  laser  diode  reflectance  monitoring.  Next,  the  AlGaAs  aperture  layers  are  slectively  oxidized 
at  5  Torr  in  water  vapor  (at  a  flow  of  500  seem)  at  400°C.  Finally,  intracavity  metal  contacts  are  dopisted  by  e-beam 
evaporation  in  a  lift-off  process.  A  plot  of  the  output  light  power-current-voltage  (L-I-V)  characteristic  for  a  QD 
VCSEL  (^hero''  device)  with  a  12  pm-diamtere  current  aperture  is  given  in  Fig.  15(d).  With  a  threshold  current  of  2.2 
mA,  a  threshold  voltage  of  -  1.9  Volts,  and  a  slope  efficiency  over  0.3  W/A,  the  overall  efficiency  of  this  QD  device 
approached  5%. 


Fig.  15.  CW  operation  of  QD  VCSEL  at  1.3  pm..  (a)Schematic  of  the  E-field  intensity  and  refractive  index  profile  of  the  QD 
VCSEL  around  microcavity;  (b)  Schematic  of  a  fabricated  intracavity-contacted  VCSEL;  (c)Nonnalized  EL  intensity  from  a 
QD  RC  LED  test  structure;  (d)L-I-V  curves  of  the  best  QD  VCSEL.  2  mW  CW  single  mode  operation  is  achieved. 

7.  Passive  Mode-locking  QD  lasers 

Upon  receiving  excellent  DC  characteristics  of  QD  laser  more  and  more  interest  is  appearing  for  direct  modulation 
of  QD  lasers,  data  transmission  and  generation  of  short  pulses.  An  application  of  edge-emitting  lasers  and  VCSEL  for 
computer  optical  clocking  and  interconnects  is  a  next  fascinating  milestone  in  development  of  diode  laser  technology. 

First  results  of  error- free  data  modulation  and  transmission  with  1.3  pm  QD  laser  at  5  Gb/s  at  elevated  temperatures 
will  be  presented  in  the  proceedings  of  another  paper  of  this  conference  42.  In  this  chapter  we  present  recent  results  of 
passive  mode-locking  QD  lasers  with  very  a  record  short  pulses  of  1.7  ps.  Mode-locking  is  the  ideal  process  for  optical 
clocking  in  computers  because  of  much  lower  jitter  as  compared  with  other  pulse  generation  techniques  such  as  gain  or 
Q-switching. 
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Long-wavelength  QDs  offer  the  following  advantages.  The  wavelength  is  transparent  for  Si.  If  low  repetition 
frequency  is  targeted  (<10  GHz)  long-cavity  diodes  (>  4  mm)  must  be  used  for  monolithical  cavity  design.  In  this  case 
high  differential  efficiency  is  provided  by  very  low  internal  in  QD  diodes.  Since  QDs  demonstrates  lower  linewidth 
enhancement  factor,  the  negative  effect  of  wavelength  chirp  on  pulse  width  is  expected  to  be  suppressed.  In  this  case 
Fourier-limited  pulses  can  be  generated  in  mode-locked  QD  lasers.  Reduced  instability  caused  by  external  feedback  is 
among  of  other  advantages  of  QD  lasers  for  mode-locking  pulse  generation.  Potentially  QDs  medium  gain  spectrum  is 
broad  enough  for  subpicosecond  pulse  generation.  43 

Double-sectional  passively  mode-locked  QD  lasers  have  previously  shown  17  ps  FWHM  light  pulses  duration  [  ]. 
This  value  is  considerably  larger  in  comparison  with  analogous  QW  LDs  [44].  Moreover  the  mode-locking  regime 
existed  in  relatively  narrow  range  of  parameters.  Careful  optimization  of  growth  and  device  processing  was  done  to 
widen  range  of  mode-locking  and  to  demonstrate  possibility  to  achieve  very  short  pulses  in  QD  lasers.  The  detailed 
results  will  be  published  in  a  separate  communication  f4'  j.  whereas  here  we  present  the  shortest  pulses  achieved  so  far. 

The  fabricated  devices  have  a  tandem  two-section  structure  with  a  20  um  gap  in  the  top  p-type  contact  metals.  An 
isolation  resistance  of  5-10  kD  is  achieved  between  these  two  sections  by  using  dry  etching  to  remove  the  heavily  doped 
cap  layer  in  the  gap  region.  The  lengths  of  the  gain  and  absorber  sections  were  varied  by  proper  cleaving.  Shallow  mesa 
was  formed  for  both  current  and  light  confinement  within  the  region  of  5-7  pm  in  width,  so  as  the  lasers  operate  in  a 
single  lateral  mode.  No  coating  is  applied  to  the  cleaved  facets.  The  devices  were  mounted  on  the  copper  heat  sink  with 
the  p-side  up.  and  were  tested  at  room  temperature. 

CW  lasing  and  bistable  operation  is  observed  under  unconnected  absorber  section.  Mode-locking  appears  when 
absorber  section  is  zero  or  reverse  DC  biased.  The  pulse  width  is  characterized  by  background-free  intensity 
autocorrelation  function.  Measurements  under  various  driving  conditions  show  that  both  pumping  current  decreasing 
and  also  absorber  reverse  bias  increasing  lead  to  the  shortening  of  mode-locked  pulses.  Mode-locking  regime  with  the 
shortest  pulses  is  shown  on  the  Fig.  16.  It  was  measured  under  pumping  current  of  80  mA  (2  mA  over  the  switching-off 
threshold)  and  absorber  reverse  bias  of  6V. 


Fig  16.  Measured  autocorrelation  trace  (a)  and  its  central  spike,  which  is  fitted  by  Lorentzian  cuive  (b).  Autocorrelation  trace 
width  3.4  ps  corresponds  to  the  light  pulse  duration  of  1.7  ps. 


Thus,  as  short  as  1.7  ps  pulses  have  been  achieved  by  passive  mode-locking  under  pumping  at  the  threshold  vicinity  and 
reverse  absorber  section  bias.  Uncorrelated  jitter  was  estimated  to  be  below  1  ps.  We  have  clear  indication  that  further 
optimization  of  fabrication  of  two-sectional  devices  will  result  to  shorten  of  pulse  width. 
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8.  Extension  of  wavelength  range  of  QD  GaAs  lasers  to  1.5  \im 

Further  extension  of  the  wavelength  in  QD  lasers  is  possible  by  using  metamorhic  (relaxed)  InGaAs  layers  with 
incorporated  InAs  QDs  grown  on  GaAs  substrates  [46].  In  case  when  the  threading  dislocations  can  be  avoided  in  the 
active  region,  a  high-performance  operation  with  quantum  efficiency  exceeding  60-70%  is  realized  (Figs.  17(a)  and  (b)). 
Threshold  current  density  of  0.8  kA/cm2  is  achieved  for  4- facet  cleaved  diodes. 

High-temperature  operation  of  the  device  is  realized  (Fig.  17(c))  up  to  temperatures  above  80°C  and  the  emission 
wavelength  approaches  wavelengths  >1.515  pm. 

Total  output  powers  up  to  7  W  were  demonstrated  in  2-mm  long  unmounted  devices  in  a  pulsed  mode  (Fig.  17(d)). 


L(tim) 


1/L  (cm'1) 


Drive  current  (A) 


Fig.  17.  Performance  of  the  broad  area  (W=100  pm)  QD  lasers  grown  on  metamorphic  InGaAs/GaAs  buffer. 

(a)  Dependence  of  reciprocal  differential  efficiency  on  cavity  length. 

(b)  Dependence  of  threshold  current  density  on  reciprocal  cavity  length.  The  secondary  electron  microscopy  image 
of  the  typical  MM  structure  and  the  emission  spectra  are  shown  in  the  insets  of  (a)  and  (b),  respectively. 

(c)  Spectra  of  EL  slightly  above  threshold  at  different  temperatures.  Insert  shows  dependence  of  lasing  wavelength 
and  threshold  current  density  on  temperatyre 

(d)  L-I  curve  of  1.5  pm  QD  laser.  Differential  efficiency  as  high  as  52%  is  achieved.  Inset  shows  plan- view  and 
cross-section  of  TEM  image  for  QDs  grown  on  metamorphic  buffer.  The  areal  density  of  QDs  is  as  high  as 

2x10 11  cm'2. 
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8.  Conclusion 


Combined  nanoapproaches  for  QD  formation  and  defect  engineering  powered  by  excessive  experience  and  know¬ 
how  in  MBE  technology  appeared  to  be  of  crucial  importance  for  the  success  in  the  filed  of  development  of  QD  lasers. 

Excellent  laser  parameters  such  threshold  current  density  (<100  A/cnr),  differential  efficiency  (>70%),  internal  loss 
(<2  cm'1),  CW  power  (3W  for  multimode  operation  and  300  mW  for  single  mode  device),  temperature  stability  of 
threshold  current  (T0>100K)  have  been  demonstrated. 

1.3  pm  VCSEL  with  2  mW  single  mode  CW  operation  is  realized  with  all-semiconductor  DBR. 

Further  work  will  concentrate  on  system  application  of  QD  devices,  based  on  their  unique  properties,  such  as 
reduced  beam  filamenation,  wavelength  chirp,  and  optical  feedback  sensitivity. 

QD  lasers  are  shown  to  be  perspective  for  generation  of  ultra-short  pulses  targeting  application  of  diode  lasers  in 

computing.  . 

GaAs  “unified”  laser  technology  is  shown  to  be  feasible  to  cover  the  whole  telecom  wavelength  range  by  realization 

of  1.5  pm  QD  laser. 
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ABSTRACT 

Model  consideration  is  given  to  explain  observed  multi-shell  emission  spectra  from  InAs  quantum  dots  embedded  in 
GaAs  or  InGaAs.  The  shell  model  is  based  on  the  quantization  of  kinetic  energy  of  lateral  motion  of  carrier  in  the  dot. 
2-D  oscillator  is  calculated  on  the  basis  of  effective  mass  approximation.  Profiles  of  inter-level  separation  are  classified 
into  categories  that  are  connected  with  the  lateral  confining  potential.  Comparison  is  carried  with  experimental  data  on 
InAs/InGaAs  quantum  dot  structures  of  the  DWELL  ty  pe  (dot-in-a-well). 


Keywords:  semiconductor  quantum  dots,  energy  spectra,  modeling,  multi-shell  emission 


1.  INTRODUCTION 

Quantum-dots  (QDs)  are  in  focus  of  numerous  investigations  motivated  by  their  advantageous  properties  for 
optoelectronic  devices.  DWELL  InAs/InGaAs  QD  structures  are  successfully  applied  to  semiconductor  lasers  with 
ultra-low  threshold  current  density  at  room  temperature  [1.2].  Usually,  the  emission  spectra  of  QD  ensembles  contain 
several  spectral  bands  corresponding  to  the  ground  and  excited  states  of  carriers  captured  into  dots.  The  spectral  width 
and  separation  between  these  bands  are  important  characteristics  of  QDs  because  these  parameters  influence  the 
performance  of  lasers.  The  lowest  lasing  threshold  is  achievable  in  the  ground-state  band  whereas  occupation  of  excited 
states  is  not  desirable.  From  another  point  of  view,  for  wider  tuning  of  the  lasers,  involvement  of  excited  stated  is 
favorable. 

An  atom-like  QD  is  challenging  quantum-mechanical  many-particle  object.  For  a  comparison,  in  atom  the  confining 
potential  is  the  Coulomb  one  with  a  screening  by  electrons  at  inner  shells.  In  nucleus  there  are  nuclear  short-distance 
interaction  defining  the  nuclear  structure.  These  many-particle  systems  are  treated  in  terms  of  shell  model.  For  example, 
electronic  shell  is  a  fundamental  category  of  atomic  physics  to  understand  atomic  spectra  and  all  basic  chemistry  of 
atoms,  hi  semiconductor  QDs.  the  confining  potential  is  associated  with  several  factors,  namely,  the  composition,  shape 
and  size  of  dots  that  all  influence  the  energy  band  diagram  with  a  modification  produced  by  misfit  stress.  Thus  the 
confining  potential  is  not  universal  but  it  is  sensitive  to  growth  and  annealing  parameters,  for  example  it  is  subjected  to 
significant  change  by  thermal  intermixing.  There  are  developed  theoretical  approaches  to  treat  different  QDs  to  find 
their  basic  electron  structure  [3-10].  Nevertheless  the  comparison  with  experimental  results  is  not  always  satisfactory. 
There  are  different  interpretations  of  spectral  bands  emitted  by  QD  ensembles  and  nature  of  optical  transitions. 
Particular  issue  is  how  many  electron  states  are  involved  in  optical  transitions.  In  modeling  of  the  QD  spectra,  some 
authors  yield  to  a  point  of  only  electron  level  take  a  part,  whereas  others  consider  equal  number  of  electron  and  hole 
levels  with  proper  selection  rules  between  them  to  provide  known  multi-shell  spectral  distributions. 

In  this  paper  we  present  data  on  multi-shell  emission  from  semiconductor  epitaxial  structures  containing  ensembles  of 
self-formed  quantum  dots.  A  short  review  is  also  given  on  related  data  in  literature.  We  propose  an  attempt  to  come  a 
model  consideration  into  agreement  with  experiments  on  InAs  dots  in  different  matrices. 
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2.  REVIEW  OF  MULTI-SHELL  EMISSION  SPECTRA  OF  QDs 

2.1.  Shell  definition  and  spectral  parameters 

At  first,  we  specify  our  subject  as  optical  spectra  of  QD  ensemble  in  contrast  with  spectra  from  individual  dot.  The 
ensemble  spectra  are  result  of  summation  of  individual  spectra  over  a  large  number  of  dots  scattered  by  their  size  and 
composition.  The  inhomogeneous  broadening  due  to  fluctuation  of  dot  parameters  is  the  main  contribution  into  the 
spectral  width  of  shell  band.  Typically  the  bandwidth  of  20-40  meV  is  characteristic  for  particular  shells,  and  the 
spectral  shape  is  roughly  close  to  the  Gaussian.  In  numerous  papers  the  multi-shell  behavior  had  been  reported  of  self- 
formed  QDs  [10-15].  Spectroscopy  of  emission  from  individual  dots  yields  narrow  lines  (~  1  meV  wide)  that  can  be 
interpreted  in  terms  of  states  of  localized  excitons  subjected  to  some  splitting  due  to  dot  irregularities  and  other  factors 
[16].  These  lines  are  grouped  around  some  centers  that  associated  with  centers  of  shell  bands  in  the  ensemble  spectra. 

The  concept  of  shells  proved  to  be  rather  fruitful  in  atomic  and  nuclear  physics.  It  is  based  on  a  fact  that  the  energy 
levels  of  particles  in  many-body  systems  are  determined  primarily  by  quantization  of  their  kinetic  energy  in  the 
confining  potential.  In  spite  of  substantial  interaction  between  confined  particles,  these  levels  can  be  roughly  determined 
by  the  single-particle  approach  whereas  many-body  effects  should  be  included  for  correction.  A  shell  is  defined  as  a 
single  or  several  levels  with  quite  close  energy  that  allows  one  to  distinguish  this  shell  from  other  shells.  It  is  reasonable 
to  use  this  concept  if  the  energy  parameters  of  shells  have  a  trend  to  be  invariant  under  variable  occupation  of  the  dot. 
Experimentally,  the  peak  position  in  the  multi-shell  observations  from  self-fonned  QDs  is  of  this  invariant  type.  It 
suggests  that  the  main  part  of  the  total  energy  is  consisted  by  quantization  of  the  energy  in  confinement  potential,  and 
capture  of  many  particles  does  not  change  this  energy  substantially.  An  example  of  multi-shell  spectrum  is  shown  in 
Fig.  1  for  photoluminescence  of  the  DWELL-type  InAs  QDs  at  12  K  [10].  The  variation  of  the  pumping  rate  had  been 
of  50  times.  Detailed  analysis  shows  that  spectral  peak  position  is  not  much  sensitive  to  the  intensity  (the  ground  state 
peak  red-shifts  only  about  2.1  meV  over  the  whole  range  of  pumping  rate.  The  broadening  is  dependent  also  weakly:  the 
Gaussian  bandwidth  parameter  of  the  ground- state  shell  increases  from  -1 5  to  20.7  meV. 


Fig.  1.  Power  dependent  PL  spectra  of  QD-hetero structure  at  12  K.  The  pumping  power  is  indicated  in  percent  of  maximum  power  of 

600W/cm2  [10] 


2.2.  Effect  of  growth  and  annealing  parameters 

hi  Ref.  [12]  it  had  been  clearly  demonstrated  that  in  a  particular  case  of  MBE  growth  technique  (at  fixed  growth 
temperature  of  480  °C)  the  amount  of  deposited  InAs  determines  the  spectra  obtained  from  QD  ensembles.  The  growth 
occurs  in  a  Stranski-Krastanov  mode.  It  is  characteristic  that  the  equivalent  amount  of  ~1.5  monolayers  (ML)  of  InAs  is 
consumed  to  obtain  an  uniform  layer  of  InAs  ("wet  layer”)  closely  corresponding  to  the  critical  thickness  of  InAs 
epilayer  with  the  lattice  misfit  of -7.2%  (in  respect  to  the  GaAs  substrate  and  matrix  material).  Up  to  -1.81  ML  only  the 
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wet  layer  emission  is  detected  by  PL  measurements.  With  the  increase  of  deposited  InAs,  the  part  that  is  not  consumed 
for  the  wet  layer,  coagulates  into  3-D  islands.  These  islands  become  dots  when  the  matrix  material  (GaAs,  InGaAs  or 
AlGaAs)  is  grown  over  them.  In  the  range  from  1.81  to  1.88  ML,  there  are  well-defined  sets  of  4-5  spectral  peaks 
(shells)  between  photon  energies  of  1.03  and  1.30  eV  (at  77  K),  quite  below  the  absorption  edge  of  GaAs  matrix.  The 
density  of  dots  was  just  near  lO10  cm-2.  At  further  increase  of  the  deposited  InAs.  the  dot  density  overcomes  -10  cm" 
and  the  ground-state  blue-peak  shifts  to  -1.12  eV  at  2  ML.  The  shell  structure  disappears  and  the  QD  emission  becomes 
a  broad  band  (>  100  meV). 

This  evolution  of  the  QD  emission  spectra  reflects  the  formation  of  electronic  shells  in  the  dots  along  with  increase  of 
their  size.  Notice  that  a  very  small  3D-confinement  potential  has  no  localized  states  (in  contrast  to  a  QW,  where  the 
confined  state  exists  formally  for  any  depth  and  size).  So,  probably,  dots  formed  at  an  amount  of  deposited  InAs 
between  1.5  and  1.8  ML  are  too  small  to  form  deep  levels.  The  levels  appear  between  1.8  and  2  ML  and  then  the 
average  size  of  the  dots  begins  to  decrease  (producing  the  blue  shift  of  the  ground  state  emission)  simultaneously  with 
the  increase  of  the  dot  density.  Further  increase  of  the  amount  of  deposited  InAs  leads  to  the  formation  of  multiple 
defects  associated  with  a  large  lattice  misfit  and  a  decrease  in  the  emission  from  the  epilayer.  Another  example  of 
spectral  evolution  is  produced  by  the  diffusion  intermixing  of  the  dot  and  matrix  material  [13].  Rapid  thermal  annealing 
(typically  around  30  seconds  long)  at  temperatures  between  800  and  850°C  transforms  the  QD  emission  spectrum 
because  the  ground  state  shifts  toward  blue,  separation  between  shells  decreases  and  some  narrowing  takes  place.  But 
ultimately,  the  emission  weakens  and  degrades  into  one  bell-shaped  band.  The  intermixing-produced  blue  shift  can  be 
as  large  as  200-300  meV  [13.14],  From  the  aforementioned  data  it  is  seen  that  QD-structures  can  be  quite  flexible  in 
their  properties  for  different  functions  and  different  wavelengths.  It  is  also  important  to  develop  adequate  understanding 
of  these  properties. 


2.3.  Two  types  of  shell  “profiles”. 

In  Fig.  2  we  show  the  first  type  of  shell  profiles  represented  by  the  dependence  of  the  interlevel  spacing  on  the  number 
of  lower  states  (consequently  with  the  energy  increase).  Profile  1  shown  in  Fig.  2  is  for  InAs  QDs  in  GaAs  matrix 
grown  at  540°C  [17],  and  profile  2  is  for  similar  dot  layers  grown  at  530°C  [13],  It  has  a  saw-like  shape  that  is  also  seen 
in  the  calculated  profile  2D-RO  for  oscillator  with  rectangular  potential.  Profile  3  is  the  same  wafer  as  2  but  after  atomic 
intermixing  induced  by  a  rapid  thermal  annealing  procedure  at  850°C.  The  variation  of  the  spacing  is  reduced  here  as 
the  potential  profile  approaches  one  similar  to  a  harmonic  oscillator. 


Fig.  2.  Profile  of  interlevel  spacing:  1)[17];  2)[13];  3)  [13,  after  intermixing]:  also  calculated  profile  is  shown  (2D-RO)  for 
2-D  rectangular  oscillator 

Second  type  of  profiles  is  shown  in  Fig.  3.  Profile  1  is  for  InAs  QDs  in  InGaAs  QW  [10]  with  monotone  decrease  of  the 
interlevel  spacing.  Dots  had  been  grown  by  MBE  at  510HC.  This  characteristic  is  also  seen  in  other  profiles  of  Fig.  3. 
Lines  2  and  3  relate  to  InGaAs  dots  in  GaAs  matrix  [11,15],  Growth  temperature  was  530°C  (2)  and  512°C  (3).  In  the 
last  case,  the  spacing  changes  very  little  so  the  spectrum  could  be  assumed  to  correspond  to  a  harmonic  oscillator.  Lines 
4  and  5  are  data  for  the  samples  B  and  C  of  Ref.  [13]  that  had  been  grown  at  515  C  and  —480  C,  respectively.  Thus  we 
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see  some  correlation  between  the  type  of  the  profile  and  the  growth  temperature.  Namely,  higher  temperature  provides 
sharper  potential  well  shape.  We  can  speculate  that  the  potential  shape  in  formed  dots  is  close  to  rectangular  at  higher 
growth  temperatures  (530-540°C),  whereas  at  lower  temperatures  (480-530°C)  the  shape  evolves  toward  an  anharmonic 
oscillator  well  profile.  As  for  the  intermixing  procedure,  it  changes  the  type  I  profile  to  HO  or  to  type  II  profile 
(simultaneously  with  a  decrease  of  the  first  spacing). 


Fig.  3.  Profile  of  interlevel  spacing:  1)  [10];  2)  [11];  3)[15];  4,  5)  [13]. 


4.  SHELL  MODEL 

4.1.  Preliminary  comments 

We  had  discussed  above  on  experimental  evidence  in  favor  of  the  shell  model.  We  have  to  present  some  theoretical 
reasons  here.  In  multi-electron  atoms,  the  unfilled  shell  is  considered  as  an  independent  system  moving  in  the  effective 
field  created  by  a  nucleus  and  by  electrons  of  another  shells.  In  nuclear  physics,  the  interaction  between  particles  is  of 
quite  different  nature  as  compared  with  atomic  systems.  Nevertheless  the  shell  model  appeared  to  be  suitable  to  explain 
properties  of  nucleus  and  their  magic  numbers.  As  applied  to  semiconductors  nanostructures,  the  validity  of  the  shell 
concept  is  discussed  in  terms  of  comparison  between  the  confining  energy  of  electron  and  hole  in  the  dot  and  their 
Coulomb  interaction  energy.  It  is  concluded  in  Ref.  [3]  that  in  small  QDs  (diameter  of  20-40  nm),  the  ratio  of  single¬ 
particle  excitation  energy  and  the  Coulomb  energy  is  similar  to  that  ratio  in  many-electron  atoms.  This  allows  one  to 
specify  shells  by  rules  known  in  atomic  physics,  but  with  usage  of  other  confining  potential  than  the  screened  Coulomb 
one  in  atoms.  Particularly,  this  means  that  the  ground  and  near  excited  states  are  well  determined  by  quantization  of 
single-particle  motion  in  a  confining  potential.  As  it  is  occurs  in  atoms,  particles  in  QD  would  fill  up  single-particle 
states  according  to  the  Pauli  exclusion  principle.  This  gives  a  basis  to  construct  the  multi-shell  model  for  QD  with  a 
single-particle  energy  spectrum  as  a  first  approximation  followed  by  many-body  corrections. 

4.2.  Approximations 

The  essence  of  effective  mass  approach  (EMA)  is  an  usage  of  a  single  effective  mass  for  each  type  of  particle  under 
consideration  [3,6,9,10].  There  is  a  technical  advantage  of  EMA  to  utilize  an  extensive  experience  of  quantum 
mechanical  treatment  of  spectra  in  different  regions  of  physics  (molecular,  atomic  and  nuclear  spectra).  The 
reconstruction  of  the  confining  potential  from  data  on  the  energy  spectrum  is  one  of  typical  goals  in  the  quantum 
mechanics  (see,  for  example  [18]).  There  are  a  wide  variety  of  solvable  potentials  allowing  us  to  use  easily  analytic 
solution  as  a  possible  approximation.  Solvable  potentials  in  connection  with  a  super- symmetry  principle  had  been 
analyzed  systematically  (see,  for  example,  [19.20]).  The  effective  mass  of  electron  in  InAs  is  0.022/tfo.  In  InAs  QD,  the 
energy  bands  are  affected  by  significant  strain.  It  provides  some  modification  of  the  effective  mass.  In  Ref.  [8],  the 
effective  mass  is  estimated  as  0.04  /«0.  The  energy  of  localization  (zero-point  energy)  at  a  dot  of  10-nm  size  is  by  order 
of  value  -100  meV.  The  separation  between  few  lower  levels  is  of  the  same  order.  For  a  typical  well  depth  of  -300 
meV,  there  are  a  room  for  1-2  levels.  The  heavy-hole  mass  in  InAs  is  substantially  anisotropic  with  -0.33 w0  along  a 
height  of  dot  and  -0.57w0  as  averaged  for  in-plane  directions.  The  localization  energy  is  -10  meV.  This  difference 
suggests  the  multi-shell  appearance  of  (4-5  bands)  is  associated  with  a  set  of  hole  levels  rather  than  with  electron  ones. 
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4.3.  One-dimensional  case 


The  ID  case  is  suitable  to  demonstrate  the  influence  of  the  confining  potential  shape  on  the  relative  position  of  energy 
levels  of  bound  states.  We  consider  three  characteristic  potentials  as  shown  in  Fig.  4  in  the  frames  of  EMA.  Namely, 
these  are  the  “rectangular  oscillator”  (RO).  harmonic  oscillator  (HO)  and  anharmonic  oscillator  (AHO)  with  a  potential 
of  sech2-type  known  as  the  modified  Poeschl-Teller  potential  [20],  Corresponding  spectra  are  shown  in  Fig.  5. 
According  to  the  ID  assumption,  the  energy  levels  are  dependent  on  only  one  quantum  number,  n.  In  the  RO  case  the 
inter-level  spacing  increases  along  with  an  increase  of  n,  whereas  in  the  HO-case  the  spacing  is  almost  constant  (some 
anharmonicity  associated  with  a  finite  depth  of  the  well  is  negligible  for  most  deep  levels).  In  the  AHO  case,  the  levels 
are  not  equidistant  anymore,  and  the  spacing  decreases  along  with  increase  of  n,  that  correlates  with  the  smoothened 
profile  of  the  potential  at  the  peripheral  distance.  Thus  the  relative  position  of  energy  levels  correlates  with  the  shape  of 
confining  potential.  It  is  useful  to  notice  that  for  rectangular  and  parabolic  well,  analytic  solutions  are  available  for 
infinite  depth.  When  finite  well  depth  is  considered,  the  level  position  is  affected  into  side  to  lower  energy  in  the  extend 
depending  on  level  position  to  the  upper  edge  of  truncated  potential:  the  shift  is  larger  as  close  to  the  upper  edge  (that  is 
edge  of  continuum).  The  shift  can  be  rather  small  for  deep  levels.  In  the  HO,  the  first  order  perturbation  approximation 
is  satisfactory. 


Fig.  4.  Energy  levels  of  1-D  oscillators:  rectangular  oscillator  (RO),  truncated  harmonic  oscillator  (HO),  anharmonic 
oscillator  (AHO).  Notice  different  notation  of  quantum  numbers  n. 

4.4.  Circular  oscillator 

In  2D  and  3D  cases  additional  quantum  numbers  appears  to  influence  the  energy  of  confined  states.  We  consider  here 
the  2D  case  that  seems  to  be  applicable  to  “quantum  disks"  and  to  quantum  dots  with  a  large  ratio  of  lateral  diameter  to 
dot  height  (most  self-assembled  QDs  are  of  this  sort).  The  circular  oscillator  is  described  in  a  two-coordinate  space: 
radial  distance  v  and  azimuth  angle  <j).  The  motions  along  these  coordinates  are  represented  by  the  radial  quantum 
number  n  and  by  the  orbital  quantum  number  m.  Remembering  that  an  actual  QD  is  a  3D  object,  we  have  to  specify  the 
motion  in  vertical  z  direction.  By  separation  of  variables,  we  assume  the  confined  vertical  motion  as  an  independent 
coordinate  with  a  quantization  that  provides  only  a  ground  state  with  zero-point  energy  Ez .  Calculated  energy  levels  are 
shown  in  Fig.  5  for  two-dimensional  oscillators  with  a  well  of  finite  depth  (300  meV).  The  left  column  represents  levels 
in  the  rectangular-profile  potential  well  (2D-RO).  There  are  two  series,  ls-l/* and  2s,  2 p  corresponding  to  different  radial 
quantum  numbers,  among  the  six  lower  states.  It  is  seen  that  the  interlevel  spacing  increases  with  orbital  number  inside 
the  first  series  (49,  64,  75,...  meV),  however  the  2s  level  that  is  133  meV  above  Is.  The  2s  level  falls  between  Id  and  1/ 
levels  and  the  monotonic  increase  of  the  spacing  is  violated  by  the  overlapping  of  two  series.  The  medium  column 
represents  the  levels  in  the  truncated  parabolic  potential  (parabolic  well  of  finite  depth).  Because  of  a  so-called 
accidental  degeneracy,  the  energies  of  the  Id  and  2s  states  coincide  as  well  as  the  energies  of  some  other  states  starting 
from  the  third  level.  The  finite'depth  of  the  harmonic  oscillator  well  has  a  small  influence,  so  these  levels  are  almost 
equidistant.  Severe  anharmonicity  included  in  the  calculation  of  right  column  2D-AHO.  It  relate  to  the  potential  of  seek 
type.  In  fact,  the  profile  is  known  as  analytically  solvable  at  least  for  the  s- states,  however  there  are  no  available  results 
in  literature  for  the  2D  case. 
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Fig.  5.  Energy  levels  of  2-D  oscillators:  rectangular  oscillator  (RO),  truncated  harmonic  oscillator  (HO),  anharmonic 
oscillator  (AHO). 

Data  for  the  right  column  shows  are  obtained  with  the  Rayleigh-Ritz  variational  method  using  the  harmonic  oscillator 
wave  functions  for  an  initial  guess.  This  approach  results  in  changes  in  the  eigenvalues  and  the  evolution  of  the 
spectrum  is  seen  as  a  shift  and  splitting  of  the  HO  degenerate  levels  in  this  case.  We  emphasize  that  in  all  these  cases, 
the  sequence  of  several  lower  energy  states  is  the  same:  Is,  1  p,  (Id,  2s),  (If  2 p),  (lg,  2d,  3s),...  with  states  in  parenthesis 
being  degenerate  in  the  harmonic  oscillator  case.  These  levels  can  be  quite  close  in  the  case  of  small  anharmonicity.  In 
frames  of  our  numerical  model,  we  can  expect  that  all  shells  are  the  same  in  harmonic  (HO)  and  anharmonic  (AHO) 
oscillator  as  the  calculated  splitting  is  smaller  than  the  experimental  bandwidth  of  each  shell  (-30  meV).  The  difference 
between  these  cases  is  deviation  from  equidistant  position  in  the  AHO  case:  the  interlevel  separation  decreases  along 
with  increase  of  the  shell  number.  Actually,  the  anharmonicity  of  the  considered  type  produce  shift  of  confined  levels  to 
lower  energy,  and  this  shift  increases  in  higher-energy  levels.  This  behavior  corresponds  to  the  case  shown  in  Fig.  3 
(type  2  of  the  profile  of  the  interlevel  spacing).  Therefore  we  can  explain  this  type  of  QD  spectra  by  influence  of 
anharmonicity,  namely,  by  smoothening  of  confining  potential  at  peripheral  region  of  dots  (with  almost  parabolic  shape 
in  the  center).  Referring  to  known  features  of  dot  structure,  we  can  conclude  that  such  behavior  is  more  typical  for  1) 
structures  grown  at  temperature  lower  than  about  510°C:  2)  structures  subjected  to  thermal  intermixing.  The  trend  of  the 
interlevel  spacing  to  increase  or  decrease  can  be  used  to  identify,  at  least  qualitatively,  the  type  of  potential  well. 
Rectangular  potential  produces  a  trend  to  increase  energy  spacing  along  with  the  increase  of  energy  (interrupted  by 
overlapping  of  additional  series),  whereas  smoothening  of  the  potential  profile  in  peripheral  region  is  characterized  by 
the  decrease  of  the  interlevel  spacing.  We  conclude  that  type  1  of  the  profile  of  interlevel  spacing  shown  in  Fig.  2  is 
characteristic  for  dots  with  sharp  interfaces  (close  to  rectangular  potential).  This  is  typical  for  QD  structures  grown  at 
temperature  more  than  about  510°C.  Thus  one  can  suggest  that  higher-temperature  growth  leads  to  more  effective 
segregation  of  InAs  at  the  crystallization  front.  Probably  it  occurs  due  to  higher  surface  mobility  of  adatoms.  It  gives 
sharp  potential  and  type  1  of  level  profile.  At  lower  temperature,  the  segregation  of  elements  is  not  sufficiently  rapid, 
and  some  mixing  takes  place  at  peripheral  of  dots.  The  same  occurs  under  additional  thermal  annealing.  As  a  result,  the 
lateral  potential  is  smoothened  in  both  these  cases  and  type  2  of  level  profile  is  observed. 

4.5.  The  Coulomb  correction. 

Most  important  many-body  correction  is  the  interaction  energy  of  attraction  between  electron  and  holes  (excitonic 
effect)  localized  at  the  dot.  The  integral  used  to  calculate  the  effect  of  the  electron-hole  Coulomb  interaction  [3]  on  the 
absolute  value  of  the  QD  energy  states  is: 


E . =  — 


4  7t£ 


j drt\di 
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The  double  integral  extends  over  the  entire  volume  occupied  by  eigenfunctions  corresponding  to  a  hole  or  electron  QD 
state.  EC0U]  represents  the  Coulomb  energy  interaction  between  an  electron  and  a  hole,  sis  the  dielectric  permittivity,  &e 
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and  0,  are  the  eigenfunctions  resulting  from  solving  the  Schrodinger  equation  for  an  electron  or  for  a  hole  in  the  EMA 

approximation.  Distinct  spatial  volume  units  are  given  in  terms  of  dre  and  drh  for  electron  and  hole,  respective. 
Because  of  the  cylindrical  geometry  characteristic  to  a  dot.  the  electron-hole  distance  has  to  be  expanded  in  cylindrical 
coordinates  as  follows: 

_J _ 4 

'H  * 

I0  and  K„  are  the  zero-th  order  Bessel  functions,  k  is  the  wave-vector  corresponding  to  the  spatial  decomposition,  =<.  and 
zh  are  the  position  coordinates  along  the  growth  direction  (c-axis),  <pe  and  (f>i,  are  the  angles  between  the  >axis  and 

vectors  r,  and  Vh ,  s  is  an  integer  variable  used  for  summation.  Quantity  r>  (i'< )  represents  the  larger  (smaller)  absolute 
value  when  comparing  the  magnitudes  of  vectors  l\,  and  Vh . 

At  first,  we  show  in  Table  1  how  the  Coulomb  correction  depends  on  size  and  effective  mass  of  carriers  captured  into 
the  dot  We  consider  the  correction  to  the  energy  of  ground-state  transition  (from  level  Is  of  electron  to  level  Is  of 
holes).  Variable  parameter  is  a  quantity  (m/m0)mR,  where  m  is  hole  effective  mass  and  R  is  radius  of  dot  with  a 
rectangular  potential.  For  electrons,  this  parameter  is  taken  to  be  1  nm.  It  is  seen  how  the  correction  decreases  along 
with  increase  of  the  dot  size  or  hole  effective  mass.  Such  calculation  is  also  useful  to  determine  the  contribution  of  the 
Coulomb  interaction  into  the  spectral  broadening  associated  with  size  fluctuations  of  dots. 


Table  1.  Variation  of  the  Coulomb  energy  of  interaction  between  an  electron  and  a  hole  trapped  into 
quantum  dot  with  a  rectangular  potential. 


Parameter  (m/mo)ll2R  fnm] 

2.5 

3.0 

3.5 

4.0 

4.5 

5 

The  Coulomb  correction  [meV] 

-22.0 

-20.5 

-19.0 

-18.0 

-18.0 

-17.0 

j -  —  ;,)]|  /o^; +  pos[s(Oe  - 0jfm fax  (k)j •  (2) 


Another  set  of  calculated  data  is  shown  in  Table  2.  There  are  the  Coulomb  corrections  for  several  (ground-state  and 
excited-state)  transitions  in  the  case  of  the  harmonic  oscillator.  Parameters  are  the  same  as  for  data  presented  in  Fig.  5. 
The  correction  to  the  ground-state  transition  energy  is  about  —12  meV  in  this  particular  case.  It  is  seen  that  the  Coulomb 
interaction  produces  some  splitting  of  transitions  to  Id  and  2s  states.  However  such  splitting  is  much  smaller  than  the 
bandwidth  of  the  shell.  Therefore  these  levels  will  be  integrated  in  the  same  shell.  Also,  it  is  important,  the  correction 
appears  to  be  weakly  dependent  on  the  states  involved  in  the  transition.  This  allows  us  to  conclude  that  the  mutual 
position  of  energy  shells  would  not  change  after  accurate  correction  for  Coulomb  attraction  between  electron  and  hole 
captured  into  QD.  The  type  of  interlevel  separation  profile  would  not  change  as  well. 


Table  2.  Calculated  transition  energy  for  QD  with  parabolic  2-D  confinement  potential 


Electron  state 

Is 

Is 

Is 

Is 

Hole  state 

Is 

ip _ 

Id 

2s 

Correction  due  to  the  Coulomb  interaction.  meV 

-11.7 

-11.3 

-8.2 

-9.6 

5.  CONCLUSIONS 

We  presented  here  an  attempt  to  find  relationship  between  optical  spectra  of  semiconductor  quantum-dot  structures  and 
their  properties.  A  survey  of  multi-shell  emission  spectra  is  given.  Theoretical  consideration  for  multi-shell  dots  is  based 
on  circular  oscillator  model  with  different  lateral  confining  potential.  The  many-body  corrections  to  the  optical 
spectrum  are  calculated  for  some  particular  cases.  It  is  shown  that  these  corrections  comparable  or  smaller  than  the 
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typical  inhomogeneous  broadening  in  the  quantum-dot  ensembles.  Therefore,  the  shell  model  seems  to  be  valid  for 
these  structures. 

In  conclusion: 

1)  Model  considerations  are  given  on  the  multi-shell  emission  from  structures  with  quantum  dots  (QDs).  The  shell 
model  can  be  based  on  the  energy  quantization  of  the  single-particle  motion  in  the  dot. 

2)  Satisfactory  fit  is  obtained  for  InAs/InGaAs  QDs  with  a  two-dimensional  anharmonic  oscillator  model.  The  relative 
position  of  shells  is  shown  to  correlate  with  a  shape  of  the  confining  potential.  The  Coulomb  attraction  correction  is 
calculated.  It  is  shown  to  do  not  influence  relative  position  of  shell  bands. 

3)  Two  types  of  interlevel  spacing  profiles  are  identified  in  multi-shell  spectra  of  QD  structures  fabricated  in  different 
conditions  (InAs/GaAs,  InGaAs/GaAs,  and  InAs/InGaAs).  The  sharper  potential  is  characteristic  for  structures  grown  at 
higher  temperature. 
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ABSTRACT 

There  have  been  great,  interests  on  semiconductor  quantum  dot  (QD)  due  to  its  novel  physical  properties  and 
potential  applications  such  as  semiconductor  lasers  with  high  gain  and  narrow  linewidth.  The  collection  of 
carriers  by  the  QDs  is  a  critical  issue  for  efficient  gain  of  QD  lasers.  A  tunneling  injection  quantum-dot  laser  has 
been  researched  recently.  Direct,  photon-,  phonon-,  and  Auger-assisted  tunneling  are  all  possible  mechanisms  for 
carrier  transfer  from  QW  to  QD.  In  this  talk,  we  present  a  theoretical  model  for  the  phonon- assisted  tunneling 
from  a  quantum  well  (QW)  state  to  the  QD  ground  state  in  the  conduction  band.  We  assume  a  quantum-disk 
model  and  use  its  analytical  wave  functions  to  calculate  the  tunneling  rate  based  on  Fermi’s  Golden  rule.  The 
single-LO-phonon-emission  and  absorption  processes  are  modeled  by  Frolich  Hamiltonian.  The  dependence  of 
the  tunneling  rate  on  the  QW  carrier  density,  temperature,  barrier  width  between  QW  and  QD,  and  energy 
difference  between  the  QWT  state  and  the  QD  states  are  studied.  The  tunneling  time  ranging  from  several  to  a 
few  tens  of  picoseconds  are  possible  depending  on  the  thickness  of  the  barrier  and  the  eneigy  spacing  between 
the  QW’  and  QD  states. 

Keywords:  Phonon,  tunneling,  quantum  dot,  Fermi’s  golden  rule,  semiconductor  lasers. 

1.  INTRODUCTION 

Research  on  semiconductor  quantum  dots  (QDs)  has  attracted  a  lot  of  attention  recently  not  only  due  to  their 
atomic-like  properties  but  also  on  the  potential  application  in  high-performance  semiconductor  lasers.1  5  How¬ 
ever,  the  carrier  collection  and  relaxation  in  QDs  are  critical  issues  on  the  high  performance  of  the  semiconductor 
lasers.  Although  the  discrete  density  of  states  of  QDs  potentially  provides  high  gain  and  low  threshold  for  laser 
operation,  it  nevertheless  restricts  the  fast  phonon-assisted  relaxation  mechanism  for  efficient  and  sufficient  sup¬ 
ply  of  carriers.  This  difficulty  is  the  so-called  phonon  bottleneck.®  8  The  slow  relaxation  of  carriers  from  the 
excited  QD  states  to  the  lasing  ground  state  reduces  the  efficiency  of  lasing. 

Recently,  a  tunneling  injection  quantum  well  (QW)  coupled  to  QD  laser  structure  has  been  proposed  to 
overcome  the  difficulty  of  carrier  relaxation.9”12  A  QW  adjacent  to  QDs  serves  as  a  collector  of  the  injected 
carriers.  The  carriers  in  the  QW7  then  diffuse  laterally  and  tunnel  into  the  QDs.  Experiments  have  shown 
reduced  threshold  current  density  in  this  QW  coupled  QD  structure.10  In  this  QW-QD  coupled  structure,  many 
possible  tunneling  mechanisms  may  exist  depending  on  the  relative  QW  and  QD  energy  levels.  If  the  QD  states 
lie  in  the  continuum  of  the  QW',  the  carriers  in  the  QW’  states  with  identical  energy  to  those  of  the  QD  states 
can  tunnel  coherently  into  QDs  by  energy  conservation.  This  direct  tunneling  mechanism  has  been  discussed  by 
Chuang  and  Holonyak.13  Carriers  in  QW  states  with  different  energies  from  those  of  QDs  can  also  tunnel  into 
the  QDs  with  the  aid  of  the  interactions  between  photons,  phonons,  and  so  on.  A  QW  carrier  can  tunnel  into 
the  QD  by  emitting  a  photon.  This  photon-assisted  tunneling  process  has  been  analyzed  by  Chuang  et  al.14  Two 
carriers  in  a  QW’  can  also  interact  with  each  other  via  Coulomb  interaction.  One  of  them  gains  energy  and  is 
excited  to  a  high-energy  QW’  state  while  the  other  loses  energy  and  tunnels  into  QDs.  Similar  Auger-assisted 
processes  have  been  discussed  by  Magnusdottir  et  al.1'5  and  Uskov  et  al.16'1  to  describe  the  lelaxation  of  the 
carriers  from  the  wetting  layer  to  QDs. 

Phonon-assisted  tunneling  was  observed  by  Holonyak  et  al.18  as  an  inelastic  process  in  heavily-doped  silicon 
p_]‘i  junctions  at  4.2  I\.  The  successful  growth  of  QDs  has  extended  the  phonon- related  issue  to  QDs  mainly 
because  of  phonon  bottleneck.6'8  Magnusdottir  et  al.19  have  calculated  the  one-phonon  and  two-phonon  assisted 
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processes  for  spherical  QDs  embedded  in  three-dimensional  continuum.  In  their  calculation,  relaxation  times  of 
the  order  of  picosecond  are  possible  for  both  mechanisms.  For  the  QW-QD  structure,  Bhattacharya  et  al.20  have 
experimentally  obtained  a  phonon-assisted  capture  time  of  1.7  ps  by  the  differential  transmission  spectrum  in 
similar  structures. 

In  this  paper,  we  will  present  the  model  for  phonon- assisted  tunneling  process  in  this  QW-QD  coupled 
structure.  Fermi’s  golden  rule  will  be  used  to  calculate  the  capture  rate  and  average  tunneling  time.  The 
numerical  calculation  shows  a  phonon- assisted  capture  time  in  the  same  order  of  magnitude  as  the  experimental 
result  from  Bhattacharya  et  al.20 

2.  MODEL  FOR  PHONON-ASSISTED  TUNNELING  IN  QW-QD  COUPLED 

SYSTEM 

Fig.  1  shows  the  scheme  of  phonon- assisted  tunneling.  Carriers  are  first  collected  in  the  QW  layer.  After  lateral 
diffusion  and  thermalization  in  the  QW,  carriers  in  the  QW  spontaneously  emit  a  longitudinal-optical  (LO) 
phonon  and  tunnel  into  QDs.  In  our  model,  the  LO-phonon  interaction  is  modeled  by  the  Frohlich  Hamiltonian 
using  bulk  modes.  It  has  been  shown  that  in  QD-related  scattering  problems,  the  differences  between  phonon 
confined  and  bulk  modes  is  not  significant.21  For  the  electronic  parts,  the  effective- mass  approximation  for  a 
single  band  is  adopted  to  calculate  the  envelope  wave  functions  for  QW  and  QD  states.  In  the  evaluation  of  the 
Frohlich  matrix  elements,  the  difference  between  the  Bloch  periodic  parts  of  the  wave  functions  in  the  QW  and 
the  QD  states  is  neglected. 


Figure  1.  (a)  The  QW  to  QD  LO-phonon- assisted  tunneling.  The  carriers  in  the  QW'  emit  an  LO  phonon  and  tunnel 
into  the  QD. 

The  zero  energy  reference  is  set  at  the  bottom  of  the  QD,  as  shown  in  Fig.  1.  The  QD  is  modeled  as  a 
quantum  disk  with  a  height  h  and  a  radius  po>  and  its  potential  depth  is  denoted  as  Vj.  We  approximate  the 
QD  envelope  wave  function  as  a  product  of  the  growth- direct  ion  (z)  and  the  in-plane  components,  namely: 

Ojv(r)  =  d>imn(  r) 

=  *lm(p)<Pn(z) 

Amo 

=  Rlm{p)-=9n{z)  (1) 

where  N  represents  the  quantum  numbers  (Z,m,n),  which  are  in-plane  radial  quantum  number,  magnetic  quan¬ 
tum  number,  and  the  growth-direction  quantum  number,  respectively.  This  approximation  works  for  the  QD 
bound  states  with  a  good  carrier  confinement,  especially  the  ground  state,  which  will  be  our  main  concern  in  the 
calculation.  The  growth- direction  and  in-plane  parts  of  the  QD  wave  functions  are  then  obtained  by  matching 
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the  boundary  conditions  at  the  interfaces  of  the  barrier  and  QD  region.  The  growth  direction  component  of  the 
wave  function  will  be  described  as  sinusoidal  functions  in  the  QD  region  and  exponential  functions  in  the  barrier 
region.  Similarly,  the  in-plane  component  will  be  modeled  by  Bessel  functions  of  the  first  kind  in  the  QD  region 
and  modified  Bessel  functions  of  the  second  kind  in  the  barrier  region. 

The  QW  states  are  quasi  two-dimensional  (2D)  plane  waves  in  the  transverse  direction  and  a  bound  state  in 
the  z  direction: 

<Ak(r)  =  (2) 


where  k  is  a  2D  wave  vector  of  the  plane  wave,  A  is  the  area  of  the  QW,  and  <fv.(z)  is  the  quantized  wave  function 
in  the  growth  direction.  The  z  dependence  of  the  envelope  wave  function  is  described  as  sinusoidal  functions  in 
the  QW  region  and  exponential  functions  in  the  barrier  regions. 

In  principle,  tunneling  from  excited  subbands  in  the  QW  can  also  be  included.  However  for  simplicity,  we 
will  not  consider  this  process  since  the  electrons  in  the  QW  accumulate  mostly  in  the  first  conduction  subband. 

We  use  Fermi’s  golden  rule  to  calculate  the  net  capture  rate  based  on  these  models’  wave  functions.  The  net 
capture  rate  of  the  QD  state  | N  >  for  each  spin  is  as  follows: 

H/phonon  =  ^Y/WNM(p)\2[(nLO  +  l)fk(l-fN)-nLo(l-fk)fN}S(Ew  +  ^-^-ER-nojLo)  (3) 

k.p 

where  My  k(p)  is  the  Frohlich  matrix  element:  p  is  the  wave  vector  of  the  LO  phonon;  nLo  =  l lo  /  k  bT)- 
1]  is  the  Bose-Einstein  occupation  number  of  the  LO  phonon;  /k  and  j f,  are  the  occupation  numbers  of  the  QW 
state  labeled  by  the  wave  vector  k  and  the  QD  state  labeled  by  quantum  number  N,  respectively;  Ew  is  the  first 
subband  edge  energy  of  the  QW7,  i.e.,  the  energy  of  the  QWT  state  with  zero  wave  vector;  is  the  in-plane 

effective  mass,  and  E$  is  the  energy  of  the  QD  state  |Ar  >.  The  LO  phonon  is  assumed  to  be  dispersionless. 

The  matrix  element  of  Frohlich  Hamiltonian  is  written  as 


^A/v.k(P) 


17 2r_l_  _  I11/2I  <  jvieip  r|k  > 
V  2s0Vol  ’  l£oo  £SJ  p 


(4) 


where  Vo!  is  the  volume  of  the  bulk;  p  and  ujlo  are  the  wave  vector  and  angular  frequency  of  an  LO  phonon; 
€oo  and  es  are  the  high-frequency  and  static  dielectric  constants,  respectively.  Wre  note  that  the  Frohlich  matrix 
element  contains  the  form  factor  <  iV|eip  r|k  >.  If  we  expand  the  in-plane  component  of  the  state  \N  >  as  a 
superposition  of  the  plane  wave  states,  the  form  factor  <  Ar|e,p  r|k  >  is  proportional  to  the  magnitude  of  the 
plane  wave  ei(px+k)  p  where  pi  is  the  component  of  the  LO  phonon  wave  vector  perpendicular  to  the  growth 
direction.  If  there  is  no  confinement  in  the  QW7  plane,  the  in-plane  QD  wave  function  will  be  replaced  by  two- 
dimensional  plane  wave,  too.  The  form  factor  is  then  proportional  to  a  delta  function  in  momentum  space,  which 
represents  momentum  conservation.  Therefore,  the  form  factor  is  actually  another  representation  of  momentum 
conservation.  Only  the  plane  wave  component  of  the  QD  in-plane  wave  function  which  satisfies  momentum 
conservation  will  be  selected. 

Equation  (3)  can  be  simplified  as  a  two-dimensional  integration.  For  detailed  calculations,  please  refer  to 
Ref.  22.  Here,  we  present  the  final  results  only.  The  functions  X(q),  Y(q),  and  U(q)  are  defined  below  as 


poo 

X(q)  =  /  dz9l(z)e^<S>w(z) 

(5) 

J  —OO 

Y(q)  =  \X(q)\2 

(6) 

poo 

U(q)  —  |  /  dppRim{p)Jm{clp)\ 

Jo 

(7) 
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where  Jm  is  the  mth  Bessel  function  of  the  first  kind.  The  net  capture  rate  then  can  be  written  as 


w—*N 


-  fc3  0  (— - )[(™LO  +  1)/q(1  -  /jv)  “«L0(1  -  /o)/jv] 

2  ttTi  "^0  ^oo 


^.phonon  _  e-hu)LO  ^  1 _ 1 


Vk+Wk-W+WW? 

where  the  quantity  Q  is  a  parameter  due  to  energy  conservation: 


Q  = 


\/2 mu?*(E\r  +  TujJlo  ~~  Ew) 
ft 


(8) 


(9) 


Equation  (9)  target  the  occupation  of  the  QD  state  | N  >  for  each  spin.  Here,  the  average  time  constant  for 
carriers  in  the  QW  to  tunnel  into  the  QD  is  of  greater  interests.  Denote  the  surface  density  of  QDs  as  iVjy  The 
surface  density  of  carriers  in  QW  is  given  explicitly  as  follows:23 


nw 


k 

^r4gTln[l+e(£F--£-)/fcBT] 

nk~ 


(10) 


where  Epw  is  the  quasi- Fermi  level  of  the  carriers  in  the  QW.  If  the  initial  occupation  of  the  QD  state  is  zero, 

the  conservation  of  particle  numbers  enables  us  to  define  the  average  tunneling  time  constant  r^onon,  which 
depends  on  the  surface  carrier  density  in  the  QW: 


71  w 


phonon 

rAv 


(nu.) 


2A’DH 


.phonon 

u' — N 


l/.v=0 


(11) 


where  a  factor  of  two  is  used  to  account  for  the  spin  degeneracy.  Similar  to  equation  (11),  we  can  also  define  the 
total  tunneling  rate  per  unit  volume  R(nw)  for  the  carriers  in  the  QW,  which  represents  the  number  of  carriers 
leaving  the  QW  per  unit  time  per  unit  volume: 


R(nu)  = 


3*D 


(12) 


3.  THEORETICAL  RESULTS  FOR  PHONON-ASSISTED  CAPTURE  RATES 

We  use  the  following  parameters  to  calculate  the  physical  quantities  of  interests  in  phonon-assisted  tunneling. 
In  the  barrier,  QW,  and  QD  regions,  the  electron  effective  masses  are  0.067  mo,  0.0522  mo,  and  0.0495  mo, 
respectively,  where  mo  is  the  free  electron  mass.  The  barrier  heights  of  the  QW  (Vu,)  and  the  QD  (Vci)  are 
175  meV  and  215  meV  at  room  temperature.  The  energy  of  the  first  quantized  subband  in  QW  (Ew)  is  62  meV 
above  the  bottom  of  the  QW  potential,  which  is  at  an  energy  Ew  -f  V([  —  Vw  =  102  meV  measured  from  the 
bottom  of  the  QD  potential.  The  QW  width  and  the  QD  height  are  60  and  100  A,  respectively.  The  QD  radius 
is  100  A.  The  energy  difference  between  the  QW  subband  edge  and  the  QD  state  is  around  one  phonon  energy 
if  a  biased  electric  field  is  absent.  The  LO  phonon  energy  is  35.9  meV.  The  surface  density  of  QD  is  set  as 
1010  cm"2  unless  otherwise  mentioned.  Only  the  ground  state  of  the  QD  in  conduction  band  will  be  considered. 
The  occupations  of  the  QD  states  are  assumed  to  be  empty  initially. 

Fig.  2(a)  shows  the  net  capture  rate  of  the  QD  ground  state  as  a  function  of  the  QD  ground-state 

energy.  If  we  apply  an  electric  field  bias,  the  energy  difference  between  the  QW  subband  edge  and  the  QD  gound 
state  will  change.  In  this  case,  the  QW  subband  edge  is  fixed,  and  the  energy  shift  of  the  QD  ground  state  due 
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(a)  (b) 


Figure  2.  (a)  The  net  capture  rate  due  to  phonon-assisted  tunneling  processes,  W'£^on  using  equation  (3),  as  a  function 
of  QD  energy  level,  (b)  The  average  tunneling  time  constant,  r^'0"on(n„,)  using  equations  (11).  The  parameters  used 
are:  d  =  60  A;  h  =  100  A;  barrier  width  =  20  A;  p0  =  100  A;  No  =  1010  cm"2;  nw  =  7.25  x  101  cm  and  T  =  300  K. 
The  QW  subband  edge  is  at  102  meV  measured  from  the  bottom  of  the  QD  at  zero  bias. 


to  the  biased  electric  field  is  referenced  from  the  bottom  of  the  unperturbed  QD  potential.  In  Fig.  2(b),  the 

average  tunneling  time  constant  T?^lonon(n1I.)  using  equation  (11)  is  plotted  as  a  function  of  the  eneigy  shift  of 
the  QD  ground  state.  The  quasi-Fenni  level  is  set  to  be  25  meV  above  the  QW  subband  edge  at  300  K,  which 
corresponds  to  a  surface  carrier  density  of  7.25  x  10u  cm-2;  the  barrier  width  is  set  at  20  A.  Since  the  energy 
of  the  LO  phonon  is  a  constant,  the  difference  between  the  energy  ol  the  QD  ground  state  and  the  QW  subband 
edge  must  be  smaller  than  one  LO  phonon  energy  for  the  first-order  phonon-assisted  process  to  occur.  Thus, 
the  applied  biased  electric  field  must  increase  the  energy  of  the  QD  ground  state  so  that  the  energy  difference 
between  the  QW  subband  edge  and  the  QD  ground  state  lies  within  one  LO  phonon  energy. 

From  Fig.  2(a),  the  net  capture  rate  reaches  a  maximum  value  when  the  energy  difference  between  the  QW 
subband  edge  and  the  energy  of  the  QD  ground  state  is  exactly  one  LO  phonon  energy.  The  minimum  tunneling 

time  constant  rPbono"  (nlr)  at  this  energy  difference  shown  in  Fig.  2(b)  also  reflects  the  trend  in  Fig.  2(a). 
This  maximum  rapture  rate  is  due  to  two  factors.  First,  since  the  carrier  distribution  in  the  QW  is  modeled  as 
Fermi-Dirac  statistics,  the  occupation  of  the  low-energy  QW  states  will  be  higher  than  that  of  the  high-energy 
QW  states.  Due  to  energy  conservation,  if  the  energy  difference  between  the  QW  subband  edge  and  the  QD 
ground  state  is  narrower,  the  QW  states  participating  in  the  first-order  interaction  will  be  those  with  higher 
energies.  Because  the  net  capture  rate  is  proportional  to  the  occupation  of  the  initial  QW  states,  the  lower 
occupations  of  the  high-energy  QW  states  will  decrease  the  capture  rate.  Second,  high-energy  QW  states  have 
higher  momentum  than  the  low-energy  QW  states.  If  we  view  the  in- plane  component  of  the  QD  ground  state 
wave  function  as  a  superposition  of  the  two-dimensional  plane  waves,  the  high-momentum  states  tend  to  sense 
the  plane  waves  with  large  wave  vectors.  This  is  a  result  of  the  momentum  conservation  between  the  plane  wave 
components,  low-momentum  LO  phonon,  and  the  QW  states.  For  the  QD  ground  state,  the  magnitudes  of  the 
plane  wave  components  with  small  wave  vectors  are  more  significant  than  those  with  large  wave  vectors.  This 
is  another  reason  why  the  high  momentum  states  have  less  contribution  to  the  tunneling  process  and  result  in 
lower  net  capture  rate  when  the  energy  difference  between  the  QW  subband  edge  and  the  QD  ground  state  is 
within  one  LO  phonon  energy. 

From  Figs.  3-5,  the  dependence  of  the  tunneling  rates  on  the  QW  surface  carrier  density  is  considered.  The 
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Figure  3.  (a)  The  total  tunneling  rate  per  unit  volume,  R(nw)  using  equation  (12),  due  to  phonon- assisted  processes  as 
a  function  of  QW  surface  carrier  density,  (b)  The  average  tunneling  time  constant  T^*!°non(nlu)  using  equation  (11).  The 
parameters  used  are:  d  =  60  A;  h  =  100  A;  barrier  width  =  20  A;  po  =  100  A;  Ew  —  E, y  ^  35.9  meV;  No  —  1010  cm"2; 
and  T  =  300  K. 

biased  electric  field  is  set  to  zero.  In  Fig.  3(a),  the  total  tunneling  rate  per  unit  volume  R(nw)  is  plotted  as  a 
function  of  the  QW  surface  carrier  density.  The  corresponding  average  tunneling  time  constant  r^°n0n  (7iu, ) 
is  plotted  in  Fig.  3(b).  The  barrier  width  is  still  set  as  20  A.  From  Fig.  3(a),  the  total  tunneling  rate  per  unit 
volume  R(nw)  is  saturated  as  the  QW  surface  carrier  density  is  increased.  The  saturation  of  the  quantity  R(nw) 
is  due  to  the  saturation  of  the  occupations  of  the  low-energy  QW  states  as  the  number  of  the  QW  carriers 

increases.  On  the  other  hand,  from  Fig.  3(b),  the  average  tunneling  time  constant  r^°n°n(?iu,)  increases  as  the 
QW  surface  carrier  density  is  increased.  Since  the  number  of  the  QDs  for  the  QW  carriers  to  tunnel  through  is 
fixed,  only  a  fixed  number  of  the  QW  carriers  can  participate  in  the  tunneling  process  under  energy  conservation. 
Other  carriers  will  only  accumulate  in  the  QW.  Thus,  the  average  tunneling  time  constants  will  become  longer 
as  the  surface  carrier  density  increases.  A  rule  of  thumb  is  that  an  increased  QW  surface  density  will  enhance 
the  net  carrier  capture  rate  in  the  QD,  but  slowdown  the  tunneling  of  the  carriers  in  the  QW. 

Fig.  4  shows  the  total  tunneling  rate  per  unit  volume  R(nw)  as  a  function  of  the  surface  carrier  density 
under  different  barrier  widths.  We  use  the  same  parameters  as  those  in  the  calculations  of  Fig.  3  except  for  the 
barrier  widths.  The  barrier  widths  are  set  at  20,  40,  and  60  A.  Longer  barrier  width  reduces  the  overlap  between 
the  z-dependent  wave  functions  of  the  QW  and  QD  ground  states,  and  the  magnitude  of  the  Frohlich  matrix 
element.  For  efficient  carrier  injection  by  phonon- assisted  tunneling,  the  barrier  has  to  be  thin  enough  so  that 
fast  tunneling  process  can  take  place. 

Fig.  5  shows  the  total  tunneling  rate  per  unit  volume  R(nw)  of  the  carriers  in  the  QW  for  different  surface 
QD  densities.  We  use  the  same  parameters  as  those  used  in  the  simulations  for  Fig.  3  except  for  the  QD  surface 
density.  The  QD  surface  densities  are  set  to  be  2  x  109,  1010,  and  5  x  1010  cm"2.  If  the  number  of  the  QDs  is 
increased,  the  number  of  QDs  for  the  QW  carriers  to  tunnel  into  will  increase.  Thus,  fast  tunneling  of  the  QW 
carriers  into  QDs  will  be  achieved. 

Bhattacharya  et  al.20  measured  a  1.7-ps  phonon-assisted  capture  time  for  the  occupation  of  the  QD  ground 
state  at  low  temperature.  In  their  structure,  the  QD  ground  state  is  designed  to  have  eigenenergy  below  the 
QW  subband  edge  by  about  one  phonon  energy.  Although  the  structure  we  consider  is  not  the  same  as  that  in 
Ref.  20,  the  two  structures  are  similar  in  nature.  In  this  paper,  we  perform  the  calculation  at  room  temperature. 
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Figure  4.  The  total  tunneling  rate  per  unit  volume,  R(nw)  using  equation  (12),  as  a  function  of  QW  surface  earlier 
density  for  different  barrier  widths.  The  parameters  used  are:  d  =  60  A;  h  =  100  A;  p0  -  100  A;  Ew  -  E$  «  35.9  meV; 
No  =  10 10  cm"2;  and  T  —  300  K. 


Figure  5.  The  total  tunneling  rate  per  unit  volume,  R(nw)  using  equation  (12),  as  a  function  of  QW  surface  carrier 
density  for  different  QD  densities.  The  parameters  used  are:  d  =  60  A;  h  =  100  A;  barrier  width  =  20  A;  p0  =  100  A; 
Ew  -  Ef;  «  35.9  meV;  and  T  =  300  K. 

However,  the  stimulated  emission  rate  for  LO  phonon  does  not  significantly  change  the  order  of  the  magnitude 
of  the  phonon-assisted  net  capture  rate  as  the  temperature  is  raised.  From  Fig.  2(a),  the  inverse  of  the  net 
capture  rate,  which  is  the  physical  quantity  they  measured,  is  in  the  same  order  of  magnitude  as  our  theoietical 
calculation.  Our  model  agrees  generally  well  with  the  experimental  results. 

4.  CONCLUSION 

We  have  calculated  the  phonon-assisted  tunneling  rate  in  this  QW-QD  coupled  system.  The  typical  net  capture 
time,  depending  on  the  barrier  width,  range  from  less  than  one  picosecond  to  a  few  hundred  seconds.  The  energy 
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difference  between  the  QW  subband  energy  and  QD  state  energy  has  to  be  less  than  one  phonon  energy  for 
efficient  tunneling  to  take  place.  For  the  QD  ground  state,  larger  magnitudes  of  the  low  momentum  components 
make  the  tunneling  process  most  efficient  when  the  energy  difference  between  the  QW  subband  edge  and  QD 
ground  state  is  about  one  LO  phonon  energy.  In  laser  or  detector  applications,  a  thin  barrier  between  the  QD 
and  QW  and  a  properly  designed  energy  scheme  must  be  employed  so  that  the  adjacent  QWs  can  provide  an 
efficient  supply  of  carriers  into  the  QDs. 
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ABSTRACT 

Using  the  segmented  contact  method,  we  have  measured  the  passive  modal  absorption,  modal  gain  and  spontaneous 
emission  spectra  of  an  InAs  “dot-in-well”  (DWELL)  system  where  the  inhomogeneous  broadening  is  sufficiently  small 
that  the  ground  and  excited  state  transitions  can  be  spectrally  resolved.  The  modal  optical  gain  from  the  ground  state 
saturates  with  current  at  a  maximum  value  of  one  third  of  the  magnitude  of  the  measured  absorption.  The  population 
inversion  factor  spectrum,  obtained  from  the  measured  gain  and  emission  spectra,  shows  that  the  carrier  distributions 
cannot  be  described  by  a  single  global  Fermi  distribution.  However,  the  inversion  factor  spectrum  can  be  described  by 
a  system  where  the  ground  state  and  excited  state  occupancies  are  each  described  by  a  Fermi  distribution  but  with 
different  quasi-Fermi  energy  separations. 

Keywords:  quantum  dots,  quantum  dot  lasers,  optical  gain,  gain  saturation. 


1.  INTRODUCTION 

With  careful  design,  it  possible  to  use  quantum  dot  structures  to  make  semiconductor  diode  lasers  with  very  low 
threshold  current  densities.  The  maximum  modal  gain  which  can  be  obtained  from  a  fully  inverted  dot  system  is  small 
compared  with  quantum  wells  and  lies  in  the  region  of  3  to  10  cm"1  per  layer  depending  on  the  dot  density  (typically  in 
the  range  1010  to  1011  cm"2)  and  the  low  thresholds  are  achieved  by  minimising  the  optical  waveguide  loss  (a,-)  and  the 
distributed  mirror  loss,  and  by  using  several  layers  of  dots.  Further  refinements  such  as  the  use  of  “dot-in-well” 
(DWELL)  structures  have  led  to  threshold  current  densities  as  low  as  J&  =  26  Acm"2  at  a  lasing  wavelength  of  1.25  pm1 
using  long  cavity  devices  (7.8mm). 

Despite  this  progress,  the  manner  in  which  the  localised  dot  states  are  occupied  by  electrons  under  lasing  conditions  is 
not  well  understood.  It  has  been  shown  that  in  some  cases  at  room  temperature  the  occupation  of  dot  states  of  different 
energy  can  be  described  by  Fermi  Dirac  probability  distribution  in  energy  with  a  global  Fermi  level2,  possibly  because 
of  the  strong  interaction  of  the  dot  states  with  the  extended  states  of  the  wetting  layer.  From  this  standpoint  the  wetting 
layer  may  play  a  valuable  role  in  maintaining  a  spatially  uniform  dot  state  occupancy.  On  the  other  hand,  there  is 
evidence  that  the  high  density  of  states  at  higher  energies,  associated  with  excited  states  or  the  wetting  layers,  itself 
serves  to  make  it  difficult  to  populate  fully  the  ground  state  of  the  dot  system3,  even  under  quasi-equilibrium  conditions. 
An  understanding  of  the  energy  distribution  of  electrons  is  important  in  obtaining  the  maximum  available  gain  from  a 
system  of  dots. 
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We  have  investigated  these  effects  at  room  temperature  in  a  DWELL  structure  using  the  segmented  contact  method  to 
measure  the  passive  modal  absorption,  the  modal  gain,  inversion  factor  and  spontaneous  emission  spectrum.  These 
measurements  enable  us  to  compare  the  magnitude  of  the  passive  modal  absorption  with  the  magnitude  of  die  modal 
gain  and  by  combining  gain  and  spontaneous  emission  spectra  the  population  inversion  factor  spectrum  can  be 
determined  and  compared  with  that  predicted  for  a  thermal  distribution  giving  insight  into  the  energy  distribution  of 
carriers.  In  the  structures  used  the  ground  and  excited  states  can  be  clearly  distinguished  even  under  high  injection 
conditions,  due  to  the  low  inhomogeneous  broadening  and  reasonably  deep  confining  potential. 


2.  EXPERIMENTAL  DETAILS 

The  sample  was  grown  by  MBE  and  comprised  layers  of  InAs  dots  embedded  in  a  Ino.15Gao.s5 As  well  of  thickness 
9.6nm  and  surrounded  by  un-doped  GaAs  to  provide  a  waveguide  core  of  total  thickness  230nm  The  cladding  layers 
were  AlcnGac^As.  The  material  was  processed  into  100pm  wide  oxide-isolated  devices  with  the  contact  separated  into 
segments  each  293pm  long  in  a  device  of  overall  length  3mm.  These  devices  were  mounted  onto  copper  heatsinks^ 
The  contact  segments  were  driven  separately  with  pulses  of  lps  duration  at  a  duty  cycle  of  0.1%.  The  amplified 
spontaneous  emission  was  collected  from  the  facet  of  the  structure  and  detected  using  a  grating  spectrometer  and  a 
Hamamatsu  cooled  photomultiplier  sensitive  out  to  a  wavelength  of  1.4pm. 

The  method  by  which  the  modal  absorption,  modal  gain  and  spontaneous  emission  spectra  are  obtained  from  analysis  of 
edge-emitted  amplified  spontaneous  emission  (ASE)  spectra  is  given  in  ref5.  The  passive  absorption  of  the  gam 
material  is  measured  by  observing  emission  when  the  first  and  second  segments  are  driven  separately,  the  light  from  the 
second  segment  being  passively  absorbed  by  the  first  segment  before  being  detected.  The  gain  is  measured  by  driving 
section  one,  then  section  one  and  two  together  and  so  on,  to  replicate  a  stripe-length  determination  of  modal  gain’.  All 
measurements  are  for  light  polarised  in  the  plane  of  the  layers  of  the  structure  (TE). 

3  RESULTS 


The  measured  passive  net  modal  absorption  spectrum  for  light  propagating  along  the  waveguide  containing  the  layer  of 
dots,  measured  with  a  drive  current  through  the  exciting  segment  of  100mA,  is  shown  in  fipre  1.  Absorption  at 
photon  energies  below  the  main  absorption  edge  is  due  to  scattering  losses  in  the  waveguide  which  amount  to  about  5±1 
cm'1  This  is  a  larger  value  than  that  obtained  from  an  analysis  of  the  differential  efficiency  as  a  function  of  cavity 
length7  The  absorption  peaks  at  1 ,02eV  and  1.08eV  are  due  to  the  ground  and  excited  states  of  the  dot  system  and  the 
modal  absorption  at  each  peak  attributable  to  the  dots  is  30±1  cm'1  and  56  ±1  cm1  respectively  (ie.  after  correction  for 
the  waveguide  loss). 

The  net  modal  TE  gain  is  shown  in  figure  2  for  currents  per  segment  between  20mA  and  200mA;  the  passive  absorption 
spectrum  is  also  shown.  The  “gain”  at  low  photon  energy  below  the  absorption  edge  tends  to  a  similar  value  to  the 
absorption  spectrum,  confirming  the  value  obtained  for  the  waveguide  loss.  As  the  current  is  increased  the  ground  state 
gain  tends  toward  saturation  at  currents  above  about  100mA  (340  Acm'2)  and  the  ground  state  peak  modal  gain  (after 
correction  for  the  waveguide  loss)  is  about  8±1  cm'1.  The  modal  gain  determined  from  measurements  of  threshold 
current  as  a  function  of  cavity  length  is  about  12.5  cm'1  M  for  a  current  density  of  200  Acm'  .  In  both  cases  the 
maximum  ground  state  gain  is  significantly  less  than  the  measured  ground  state  absorption,  by  a  factor  2  or  3. 


The  uncalibrated  experimental  data  for  true  spontaneous  emission  spectra  in  fig  3  show  four  transitions  below  the 
transition  energy  of  the  well  at  1.25  eV.  The  ground  state  emission  saturates  with  increasing  current  at  a  value  of  about 
160  mA . 


Figure  4  shows  uncalibrated  data  for  tire  population  inversion  factor  obtained  as  the  measured  modal  gam  (G)  divided 
by  the  uncalibrated  spontaneous  emission  ( I^pon )  at  each  photon  energy . 


PF{hv)  = 


G(hv) 

LPoXhv) 


(i) 
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Figure  1.  Measured  modal  absorption  spectrum  (being 
negative  gain).  (Corrected  for  waveguide  loss) 


Figure  2.  Measured  modal  gain  spectra  for  drive  currents 
per  segment  from  20mA  to  200mA. 


Figure  3.  True  spontaneous  emission  spectra  derived  from 
analysis  of  edge  emitted  ASE  spectra. 


Figure  4  Spectra  of  the  measured  population  inversion 
factor  obtained  from  experimental  data  using  equation  (1). 
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4  ANALYSIS  OF  INVERSION  FACTOR 


The  population  inversion  factor  is  related  to  probabilities  of  occupation  by  electrons  of  the  upper  and  lower  energy 
states  (fi  and /  respectively)  which  participate  in  a  transition  at  photon  energy  hv: 


PAhv)'^m  m 

The  constant  of  proportionality  includes  an  unknown  calibration  factor  for  the  measured  spontaneous  emission  rate. 
The  inversion  factor  tends  to  -oo  at  high  photon  energy  where  the  upper  state  is  empty'  and  the  lower  state  full,  and  to  +1 
at  small  photon  energy  where  the  system  is  fully  inverted  such  that  the  upper  state  is  completely  full  (/  =  1)  and  the 
lower  state  completely  empty  (£=  0).  PF  also  tends  to  +1  when,  either  ft  =  1  or  f2=  0,  with  the  other  respective 
occupation  factor  taking  any  value  between  0  and  1 .  PF  crosses  zero  at  the  transparency  point. 

Although  the  experimental  data  is  in  arbitrary  units,  these  features  are  apparent  in  the  spectra  in  figure  4,  where  P F 
decreases  with  increasing  photon  energy  and  increases  with  increasing  drive  current.  We  also  observe  that  the  values  of 
PF  for  different  drive  currents  converge  to  a  common  value  at  low  photon  energy  and  this  is  to  be  expected  when  die 
system  becomes  hilly  inverted,  or  when  the  occupation  of  one  or  both  states  saturates  before  reaching  their  limiting 
values.  At  the  ground  state  gain  peak  (1  eV)  the  gain  saturates  with  current  above  100mA,  as  does  the  spontaneous 
emission  within  the  error  bars,  so  we  conclude  that  above  this  current  the  occupation  factors  have  saturated  for  the 
ground  state,  though  comparison  of  absorption  and  gain  spectra  shows  that  the  ground  state  is  not  fully  inverted.  We 
conclude  that  either /,  <  1  and  /  =  0,  or//  =  1  and/  >  0,  or  the  system  saturates  with  both/,  and/,  constant  at  values 
between  0  and  1.  In  the  first  two  cases  equation  (2)  takes  the  value  unity,  but  is  undetermined  in  the  third  case. 


These  remarks  apply  to  any  pair  of  occupation  factors  for  the  upper  and  lower  states  which  can  be  globally  defined 
throughout  the  sample  as  a  function  of  energy.  In  the  specific  case  that  the  system  adopts  a  quasi-equilibrium 
distribution  defined  by  a  global  Fermi-Dirac  (F-D)  function  the  inversion  factor  becomes: 


Pf  a:  ^  1  -  exp 


hv  -  A E f  ^ 
WT 


(3) 


where  AEf  is  the  separation  of  the  quasi-Fermi  levels  specifying  the  occupancy  of  the  upper  and  lower  states.  Figure  5 
shows  equation  (3)  superimposed  on  the  experimental  data  of  figure  4  where  the  quasi-Fermi  level  separations  have 
been  chosen  to  correspond  to  the  transparency  points  of  the  experimental  data.  The  data  has  been  scaled  such  that  P F 
tends  to  unity  at  low  photon  energy  (though  this  may  not  actually  be  the  case).  There  is  good  agreement  between 
equation  (3)  and  the  data  at  low  current  where  only  the  ground  state  is  populated,  however  at  100mA  this  agreement 
only  extends  to  a  photon  energy  of  about  1.03eV  and  at  higher  values,  where  the  excited  state  begins  to  contribute,  the 
measured  PF  is  greater  than  the  F-D  value  .  At  200mA  there  is  only  agreement  at  low  photon  energy  where  the  gain  is 
saturated. 

Equation  (2)  is  based  upon  a  simple  two-level  model,  however  it  can  be  shown  that  even  when  more  than  one  transition 
contributes  to  the  gain  and  emission,  the  behaviour  of  the  inversion  factor  follows  that  of  equation  (3)  when  all  states 
are  in  quasi-equilibrium  defined  by  a  common  quasi-Fermi  level  separation.  Thus  contributions  from  multiple 
transitions  in  a  system  which  is  in  overall  equilibrium  does  not  explain  why  our  data  does  not  match  the  Fermi-Dirac 
expression  (3)  and  we  conclude  from  figure  5  that  this  dot  system  cannot  be  described  by  a  universal  Fermi-Dirac 
distribution.  However,  an  inspection  of  the  spectra  in  figures  4  and  5  suggests  that  in  regions  where  only  one  transition 
is  dominant  the  data  can  be  represented  by  a  Fermi-Dirac  distribution  with  equation  (3). 

To  verify  that  the  data  can  be  represented  in  this  way  we  have  calculated  the  inversion  factor  for  inhomogeneously 
broadened  ground  and  excited  state  distributions  with  different  quasi-Fermi  energy  separations  using  inhomogeneous 
broadening  parameters  obtained  from  the  passive  absorption  spectrum.  The  parameters  used  in  the  calculations  were 
those  for  InAs  where  the  matrix  element.  M,  is  given  by  2 1  A/I  "/wo=21.1eV,  and  the  overlap  envelope  integrals  in  the 
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dots  were  taken  as  unity.  We  assumed  that  the  inhomogeneous  broadening  (given  by  a  Gaussian  distribution,  B)  is  much 
greater  than  the  homogeneous  broadening  (given  by  a  Lorentzian,  L)  and  obtained  a  good  description  of  the  absorption 
spectrum  with  a  Lorentzian  linewidth  of  zl=21peV.  (corresponding  to  a  200ps  dephasing  time),  an  inhomogeneous 
linewidth  of  the  ground  state  of  cr=  16  meV  and  a=18meV  for  the  excited  state.  This  increase  in  a  was  necessary  to 
fit  the  absorption  edge  of  the  1st  excited  state  and  is  expected  for  higher  dot  states,  as  they  are  more  sensitive  to 
variations  of  size  and  composition8. 

We  have  calculated  the  population  inversion  spectrum  for  three  transitions  assuming  that  the  occupancy  of  states  within 
the  ground  state  distribution  and  those  within  the  excited  state  distribution  are  each  independently  described  by  a  Fermi- 
Dirac  function  but  with  different  quasi-Fermi  energy  separations. 


£  ||wf  b(e,  ,  Y (h y  -  E, ,  A ^  (E, ,  A E,)-  /,_  ( E , .  A E„  )J IE, 

Pf ~  S  K  r  ■ fife .  ■ °i  Y  (*  ■ V  -  E,  , A)[/,  (e,  f2  (e,  ,  A  E,  )}]rf£, 


(4) 


j= 1-3 


To  determine  the  Fermi  functions  it  is  necessary  to  assign  values  to  the  two  individual  quasi-Fermi  energies  and  this 
was  done  by  setting  the  quasi  Fermi  energies  such  that  the  lower  state  is  empty  of  electrons,  ie  f2  =0,  assuming  that  it  is 
the  upper  states  which  are  not  full  populated  achieve  complete  inversion  at  high  injection.  (The  inverse  situation,  ie  the 
upper  states  hilly  populated  and  the  lower  states  partially  empty,  gives  very  similar  results.)  The  values  of  quasi  Fermi 
energy  separation  used  to  match  the  spectrum  measured  at  200mA  were  1.04  eV  for  the  ground  state.  1.06eV  and 
l.lOeV  for  the  first  and  second  excited  states  respectively.  The  agreement  between  the  calculation  from  equation  (4) 
and  experimental  results  shown  in  figure  6  is  very  good. 

We  conclude  that  in  this  dot  system,  the  ground  state  and  excited  state  carrier  populations  are  not  in  quasi  equilibrium 
with  each  other,  but  they  can  be  individually  described  by  Fermi-Dirac  distributions  with  the  quasi-Fermi  energy 
separation  for  the  first  excited  state  being  20  meV  greater  than  for  the  ground  state. 


Figure  5.  Experimental  data  for  the  inversion  factor  Figure  6.  Measured  and  calculated  (equation  4)  inversion 

compared  with  calculated  spectra  assuming  a  Fermi  Dirac  factor  spectra  for  a  current  of  200mA  per  segment, 

distribution. 
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5.  DISCUSSION 


Figure  6  shows  that  the  carrier  distribution  in  this  particular  quantum  dot  system  can  be  described  by  a  model  in  which 
the  occupancies  of  the  ground  and  excited  states  are  not  in  overall  equilibrium  but  can  each  be  described  by  a  quasi¬ 
equilibrium  Fermi-Dirac  distribution  with  different  appropriate  Fermi  energy  separations.  If  this  is  indeed  the  case,  the 
occupation  of  the  localised,  spatially-separated  states  within  the  inhomogeneous  distribution  of  ground  states  are  in 
global  quasi-equilibrium  and  the  occupation  of  spatially-separated  states  within  the  inhomogeneous  distribution  of 
excited  states  are  similarly  in  global  quasi-equilibrium.  It  may  be  that  photon  mediation  between  dots  is  important  in 
establishing  this  particular  situation  because  in  these  structures  the  inhomogeneous  distributions  of  ground  state  and 
excited  state  transitions  hardly  overlap  so  there  is  little  photon  interaction  between  them  though  the  ground  and  excited 
states  can  individually  interact  within  the  homogeneous  linewidth. 


6  SUMMARY 

We  have  measured  the  passive  modal  absorption,  modal  gain  and  spontaneous  emission  spectra  in  a  quantum  dots 
system  where  the  inhomogeneous  broadening  is  sufficiently  small  that  the  ground  and  excited  state  transitions  can  be 
spectrally  resolved.  The  optical  gain  from  the  ground  state  saturates  with  current  at  a  value  which  is  about  one  third  of 
the  magnitude  of  the  measured  ground  state  absorption.  The  measured  population  inversion  factor  cannot  be  described 
by  a  single  global  Fermi  distribution.  However,  we  find  that  the  inversion  factor  can  be  described  by  a  system  where 
the  ground  state  and  excited  state  occupancies  are  each  described  by  a  Fermi  distribution  but  with  different  quasi-Fermi 
energy  separations. 
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ABSTRACT 

We  develop  a  general  approach  to  including  the  internal  optical  loss  in  the  description  of  semiconductor  lasers  with 
a  quantum- confined  active  region.  We  assume  that  the  internal  absorption  loss  coefficient  is  linear  in  the  free-carrier 
density  in  the  optical  confinement  layer  and  is  characterized  by  two  parameters,  the  constant  component  and  the  net 
cross-section  for  all  absorption  loss  processes.  We  show  that  the  free-carrier- density  dependence  of  internal  loss  gives 
rise,  in  general,  to  the  existence  of  a  second  lasing  threshold  above  the  conventional  threshold.  Above  the  second 
threshold,  the  light-current  characteristic  is  two-valued  up  to  a  maximum  current  at  which  the  lasing  is  quenched. 
We  show  that  the  presence  of  internal  loss  narrows  considerably  the  region  of  tolerable  structure  parameters  in  which 
the  lasing  is  attainable;  for  example,  the  minimum  cavity  length  is  significantly  increased.  Our  approach  is  quite 
general  but  the  numerical  examples  presented  are  specific  for  quantum  dot  (QD)  lasers.  Our  calculations  suggest 
that  the  internal  loss  is  likely  to  be  a  major  limiting  factor  to  lasing  in  short-cavity  QD  structures. 

Keywords:  Quantum  dots,  quantum  wires,  quantum  wells,  hetero junctions,  semiconductor  lasers,  internal  loss 

1.  INTRODUCTION 

Internal  optical  loss  is  present  in  all  types  of  semiconductor  lasers.  It  adversely  affects  their  operating  characteristics 
—  increasing  the  threshold  current  density  and  decreasing  the  differential  efficiency.1 

In  general,  several  mechanisms  can  contribute  to  the  internal  loss,  such  as  free-carrier  absorption  in  the  optical 
confinement  layer  (OCL)  and  in  the  cladding  layers  (emitters),2  intervalence  band  absorption  (hole  photoexcitation 
into  the  split-off  subband),3-6  carrier  absorption  in  the  quantum-confined  active  region  itself,  and  scattering  at 
rough  surfaces  and  imperfections  of  the  waveguide.  Determination  of  the  absorption  coefficient  for  each  of  these 
processes  is  very  important  because,  depending  on  their  relative  strengths  and  the  structure  design  parameters,  the 
net  absorption  loss  coefficient  can  be  as  low  as  1.4  cm-1  (see  Ref.7)  or  as  high  as  20cm-1  (see  Ref.8),  and  even 
higher.9 

Due  to  the  variety  of  possible  mechanisms,  one  hardly  expects  a  first-principle  evaluation  of  the  net  internal 
loss  coefficient.  Formally,  however,  all  different  processes  can  be  grouped  into  two  categories,  one  dependent  on  the 
injection  carrier  density  (such  as  free-carrier  absorption  in  the  OCL),  the  other  insensitive  to  this  density  (such  as 
scattering  at  rough  interfaces). 

Leaning  upon  this  fact,  we  develop  here  a  general  phenomenological  approach  to  the  inclusion  of  the  effect 
of  internal  loss  on  threshold  characteristics  in  semiconductor  lasers.  We  show  that  the  injection-carrier-density 
dependence  of  internal  loss  coefficient  gives  rise  to  the  existence  of  a  second  lasing  threshold  above  the  conventional 
threshold;  above  the  second  threshold,  the  light-current  characteristic  is  two- valued.  We  also  show  that  the  presence 
of  internal  loss  narrows  considerably  the  region  of  tolerable  structure  parameters  in  which  the  lasing  is  attainable. 
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The  total  net  internal  loss  coefficient  (which  we  shall  refer  to  as  the  internal  loss)  is  presented  as  the  sum  of  a 
constant  a0  and  a  component  linear  in  the  carrier  density  in  the  OCL  n 

<*int  =  <*0  +  <Tjnt  n  (1) 

where  <7int  can  be  viewed  as  an  effective  cross-section  for  all  absorption  loss  processes. 

The  assumption  of  a  linear  dependence  on  the  free-carrier  density  in  the  waveguide  is  justified  in  most  situations  of 
practical  interest.  For  example,  intervalence  band  absorption  increases  proportionally  to  hole  density3  5;  free-carrier 
absorption  also  increases  linearly  with  n  (see  Ref.2). 

The  carrier  densities  in  the  cladding  layers,  being  mainly  defined  by  the  doping  levels  there,  remain  practically 
unchanged  and  close  to  their  built-in  values  as  the  injection  current  varies.  For  this  reason,  the  free-carrier  and  the 
intervalence  band  absorption  loss  due  to  the  optical  mode  penetration  into  the  cladding  layers  are  both  lumped  into 
the  constant  component  qq  of  the  internal  loss. 


2.  LASING  THRESHOLD  CONDITION 


With  (1),  the  lasing  threshold  condition  [balance  between  the  modal  gain  g  =  gm ax  (/„  +  /p  -  1)  and  the  total  loss 
P  +  aint]  becomes 

5max(/n  +  /p-l)  =  £  +  Qo  +  <Tintn  (2) 

where  pmax  is  the  maximum  (saturation)  value  of  the  modal  gain  and  P  =  (1  /L)  ln(l/R)  is  the  external  (mirror) 
loss,  L  being  the  cavity  length,  R  the  mirror  reflectivity. 

In  (1)  and  (2),  aint  is  the  weighted  average  of  the  internal  loss  across  the  optical  mode  shape.1 

For  quantum  well  (QW)  or  quantum  wire  (QWR)  lasers,  fn  and  fp  are  occupancies  of  the  electron  and  hole 
subband-edge  levels,  between  which  the  lasing  transitions  occur.  For  a  quantum  dot  (QD)  laser,  /„  and  fp  are 
occupancies  of  the  discrete  electron  and  hole  levels.  The  maximum  value  gmax  of  the  modal  gain  g  is  obtained  at  full 
occupancies  /n  =  /p  =  1  and  the  minimum  g  —  — gmax  at  zero  occupancies. 

For  QW  or  QWR  lasers,  the  right-hand  sides  of  (1)  and  (2)  should  also  contain  a  term  for  absorption  in  the 
active  region,  which  is  linear  in  the  2D  or  ID  carrier  density,  respectively.  However,  at  high  injection  currents  (or 
high  temperatures  -  see  Refs.10,11),  this  term  will  be  small  compared  to  absorption  in  the  OCL. 

In  a  QD  laser,  the  process  analogous  to  free-carrier  absorption  is  carrier  photoexcitation  from  the  QD  levels  to 
states  in  the  continuous  spectrum.12,13  The  absorption  coefficient  for  this  process  is  linear  in  the  confined-carrier 
level  occupancy  in  a  QD  and,  generally,  it  should  also  be  included  into  the  right-hand  sides  of  (1)  and  (2).  However, 
this  contribution  is  typically  less  than  about  0.1cm-1  (see  Refs.12,13). 

In  general,  in  the  right-hand  sides  of  (1)  and  (2)  one  should  use  separate  terms  for  electrons  and  holes,  since  they 
have  different  cross-sections  £Tfnt  and  ofnt.  For  simplicity,  we  will  use  the  lasing  threshold  condition  in  the  form  of  (2) 
having  left  understood  that  <7int  refers  to  the  cross-section  corresponding  to  the  carrier  type  dominant  in  absorption. 

We  assume  equal  electron  and  hole  occupancies  in  a  quantum-confined  active  region  (/„  =  fp)-  At  relatively 
high  temperatures  and  below  the  lasing  threshold,  the  thermal  equilibrium  holds  and  /n  is  given  by  the  Fermi-Dirac 
distribution  function  with  the  quasi-Fermi  level  determined  by  the  pumping.  The  carrier  density  n  in  the  waveguide 
(OCL)  is  related  to  f„  as  follows12: 

n  =  n i  -  ■  — —  (3) 


where  nx  =  NOCL  exp  (-En/T)  is  a  quantity  characterizing  the  intensity  of  thermally  excited  escape  of  carriers  from 
a  reduced-dimensionality  active  region  to  the  OCL,  with  lVcOCL  =  2(m°CLT/27r/i2)3/2,  En  is  the  carrier  excitation 
energy  from  an  active  region  and  the  temperature  T  is  measured  in  units  of  energy. 

The  threshold  condition  is  then  written  as  follows: 

«?max  (2/n  -  1)  =  Iini  +  ao  +  aintnir^_.  (4) 
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It  is  illustrated  in  Fig.  1(a)  where  the  modal  gain  g  =  £max  (2/n  -  1)  and  the  internal  loss  aint  =  a0+cTint  rii  /n/(l-/n) 
are  shown  as  functions  of  the  level  occupancy  /n.  Though  the  theoretical  approach  developed  here  is  general  and 
applies  equally  to  semiconductor  lasers  with  a  quantum-confined  active  region  of  an  arbitrary  dimensionality,  our 
numerical  examples,  including  those  in  Figs.  1-7,  are  specific  for  QD  lasers;  the  simulation  parameters  are  given  in 
Section  5.1. 


With  (3),  the  level  occupancy  in  the  active  region  and  the  modal  gain  can  be  expressed  in  terms  of  the  carrier 
density  in  the  OCL  as  follows: 

/n  =  (5) 


9  =  9m ax 


n  +  ni 
n  —  n  i 


n-\-ni 


The  threshold  condition  becomes 


n  -  rii  1  ,  1 

- - -  —  —  In  —  +  Q0  (Tint  n . 

n  +  u\  L  R 


(6) 


(7) 


Fig.  l(b,  top  axis),  showing  the  modal  gain  and  the  internal  loss  as  functions  of  the  carrier  density  in  the  OCL  n 
[given  by  eqs.  (6)  and  (1),  respectively],  illustrates  the  threshold  condition  of  the  form  (7). 

In  the  absence  of  lasing,  the  injection  current  density  j  is  related  to  the  level  occupancy  in  the  active  region  fn 
as  follows12’14:  2 

j  =  isaponVe  +  ebBn2  =  jCH/n)  +  ebBn\  /n 


(1  -  fnY  (8) 

where  b  is  the  OCL  thickness  and  B  is  the  radiative  constant  for  the  OCL.  A  relation  between  the  spontaneous 
recombination  current  density  in  a  quantum-confined  active  region  and  the  level  occupancy  can  be  found  in 

Ref.19. 


With  the  functional  relationship  (8)  between  the  level  occupancy  /n  and  the  injection  current  density  j ,  both  the 
modal  gain  and  the  internal  loss  can  be  calculated  as  functions  of  j  [shown  in  Fig.  l(b,  bottom  axis)]. 


3.  SOLUTIONS  OF  THE  THRESHOLD  CONDITION:  TWO  LASING  THRESHOLDS 

For  dint  7“  0,  eq.  (4)  is  a  quadratic  equation  in  the  confined- carrier  level  occupancy  in  the  active  region  /n;  the  roots 
are  (see  Fig.  1  for  a  graphic  illustration  to  the  solutions) 


rcrit 

n_thl,n_th2  —  JnJth  T 


fcrit  _  f  _  2. 

VnJ th/  2  ^max 


(9) 


where 


/crit  __  ^  f 
J n_th  2  l 


l  +  /nO+  2 


1  (T\nX,  Til 

2  gmax 


(10) 


is  the  “critical”  solution  [corresponding  to  the  case  when  a  structure  parameter  attains  its  critical  tolerable  value  - 
see  eq.  (17)  in  Section  5],  and 


(ii) 


is  the  level  occupancy  in  the  active  region  at  the  lasing  threshold  in  the  absence  of  internal  loss  (c*o  =  0,  crint  =  0), 
Lg1*11  being  the  minimum  tolerable  cavity  length  in  the  absence  of  internal  loss  given  as 


L™n  = - 

u  ^max 


(12) 


For  L  shorter  than  the  minimum  tolerable  cavity  length,  the  lasing  is  unattainable  in  the  structure.  We  discus  the 
minimum  cavity  length  in  detail  in  Section  5.2. 

In  general,  the  following  inequalities  hold  for  /n_thi  and  /n_th2  [Fig.  1(a)]: 

2  —  /n 0  <  /rU hi  <  fnMi  —  /n_th2  <  1  •  (13) 
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The  value  1/2  is  the  level  occupancy  at  the  transparency  threshold  [when  the  modal  gain  is  zero:  0max(2/n  1)  -  0]. 

Both  solutions  (9)  are  physically  meaningful  and  describe  two  distinct  lasing  thresholds.  The  first  solution,  /n_thi, 
is  the  conventional  threshold,  similar  to  fn0  but  modified  by  the  internal  loss.  The  second  solution,  /n. th2,  appears 
purely  as  a  consequence  of  the  carrier-density-dependent  component  of  the  internal  loss  in  the  OCL. 

As  crint  decreases,  the  first  threshold,  /„_ thi,  decreases  and  the  second  threshold,  th2,  increases.  At  aint  =  0, 


the  only  solution  of  (4)  is 


/  _  f  i  1  Q° 

/n_thl  JnO  2  gm&y. 


1 

2 


P  +  Qq\ 
^max  J 


(14) 


Clearly  /n.thi  =  /no  when  both  a0  and  aint  are  zero. 

Thus,  when  the  internal  loss  depends  on  carrier  density,  there  are,  in  general,  two  solutions  of  the  threshold 
condition,  /n_thi  and  /n_th2>  and  hence  we  have  two  lasing  thresholds. 

We  shall  refer  to  the  injection  current  densities  corresponding  to  /n.thi  and  /n.th2,  respectively,  as  the  lower 
threshold  current  density  jthi  and  the  upper  threshold  current  density  jth2-  These  threshold  current  densities  are 
given  by  (8)  wherein  one  substitutes  either  /n  =  /n_thi  or  fn  =  /n_th2- 

The  existence  of  a  second  lasing  threshold  stems  from  the  nonmonotonic  dependence  of  the  difference  between 
the  modal  gain  and  the  internal  loss  on  the  level  occupancy  in  a  quantum-confined  active  region  [the  solid  curve 
in  Fig.  1(a)],  or,  equivalently,  on  the  carrier  density  in  the  OCL  [the  solid  curve  in  Fig.  l(b,  top  axis)],  or  on  the 
injection  current  density  [the  solid  curve  in  Fig.  l(b,  bottom  axis)].  The  point  is  that  the  modal  gain  g  —  g  (2/n  — 1) 
increases  linearly  with  fn  [the  dotted  line  in  Fig.  1(a)]  and  saturates  at  its  maximum  value  gmax  as  /n  -4  1  [which 
corresponds  to  n  -4  oo  and  j  -4  oo  -  see  (3),  (8)  and  Fig.  1(b)].  At  the  same  time,  aint  is  superlinear  m  /„  [see 
(1)  and  (3)  and  the  dashed  curve  in  Fig.  1(a)]  and  increases  infinitely  as  /„  -4  1.  At  a  certain  /n  [see  (23)],  i.e.,  at 
a  certain  j,  the  rate  of  increase  in  aint  with  j  will  inevitably  equal  that  of  increase  in  g,  and  hence  the  difference 
g  -  amt  will  peak.  Any  further  increase  of  the  injection  current  density  will  decrease  the  difference  g  -  Qint  [the 
solid  curve  in  Fig.  1(b)].  This  corresponds  to  the  so-called  “loss-multiplication”  regime,  discussed  in  Refs.  1  for 
InGaAsP/InP-based  strained-layer  multiple-QW  lasers  and  attributed  to  the  pileup  of  carriers  due  to  electrostatic 
band-profile  deformation.15’16  In  the  context  of  QD  lasers,  the  loss-multiplication  regime  was  discussed  in  Refs.  ’  . 

As  evident  from  our  analysis,  this  regime  and  the  second  lasing  threshold  are  inherent  to  all  structures  where  the 
internal  loss  depends  on  the  carrier  density  in  the  OCL. 

Due  to  bimolecular  (quadratic  in  n)  spontaneous  recombination  in  the  OCL,  the  injection  current  density  j  is 
superlinear  in  n  [quadratic  at  high  n  -  see  (8)]  and  hence  the  internal  loss  (being  linear  in  n)  is  strongly  sublmear  in 
j  [increases  as  v7  at  high  j  -  see  the  dashed  curve  in  Fig.  1(b)].  [Also  the  modal  gain  is  strongly  sublinear  in  both 
n  and  j  -  see  (6),  (8)  and  the  dotted  curve  in  Fig.  1(b)].  In  Ref.17  ,  a  linear  relation  between  aint  and  j  was  however 
assumed,  which  is  justified  for  only  monomolecular  (linear  in  n)  recombination  in  the  OCL,  such  as  recombination 
via  nonradiative  centers.  At  high  injection  levels,  bimolecular  and  then  Auger  (cubic  in  n)  recombination  dominate 
and  j  becomes  superlinear  in  n  and  hence  dint  sublinear  in  j. 


4.  TWO- VALUED  CHARACTERISTICS:  GAIN-CURRENT  AND  LIGHT-CURRENT 

In  a  continuous-wave  (CW)  operation,  increasing  j  from  zero,  one  reaches  the  first  lasing  threshold  jthi  •  Above  this 
threshold,  the  difference  between  the  gain  and  the  internal  loss  is  pinned  at  the  value  of  the  mirror  loss  P  and  hence 
Fig.  1  (which  is  valid  for  determining  the  positions  of  both  thresholds)  no  longer  applies.  What  actually  happens 
above  jthi  is  shown  in  Fig.  2,  derived  in  Ref.19  by  rigorously  solving  the  rate  equations  in  the  presence  of  light 
generation.  In  a  steady  state,  the  rate  equation  for  photons  reduces  to  our  eq.  (2),  where  now  the  quantities  /n,  /p 
and  n  are  calculated  in  the  presence  of  light  generation. 

As  a  consequence  of  the  non-instantaneous  carrier  capture  from  the  OCL  into  the  quantum-confined  active  region, 
the  free-carrier  density  n  in  the  OCL  does  not  pin  and  increases  above  threshold.  A  quantitative  theoretical  study  of 
this  effect  was  given  in  Ref.14 .  The  effect  has  also  been  seen  experimentally,  see  Ref.2  and  numerous  references  cited 
in  Ref.14  .  To  simplify  the  consideration,  the  carrier-density-dependent  component  of  the  internal  loss  [the  last  term 
in  the  right-hand  side  of  (2)]  was  neglected  in  Ref.14;  with  that  assumption,  the  confined-carrier  level  occupancy  fn 
in  the  active  region  is  pinned  above  threshold  at  a  value  given  by  (14),  as  is  evident  from  (2). 
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As  is  also  evident  from  eq.  (2),  the  carrier-density-dependent  component  of  the  internal  loss  in  the  OCL  couples 
the  confined-carrier  level  occupancy  /n  in  the  active  region  and  the  free-carrier  density  n  in  the  OCL;  the  equation 
relating  these  quantities  is  [we  assume  equal  electron  and  hole  occupancies  (/n  —  /p)] 


,  _  1  /?  +  aQ  +  gjnt n\ 

/n  ~  2  V  +  5max  /  * 


(15) 


As  seen  from  (15),  when  <7int  #  0,  the  confined-carrier  level  occupancy  fn  is  no  longer  pinned  in  the  presence  of  light 
generation. 

Above  the  second  threshold  jth2  and  up  to  a  maximum  pump  current  jm3iX,  there  are  two  solutions  of  the  rate 
equations.  The  injection-current-density  dependence  of  the  confined-carrier  level  occupancy  fn  corresponding  to  the 
the  first  solution  (conventional  lasing  regime)  and  the  second  solution  (anomalous  new  regime)  is  shown  by  the  solid 
and  dashed  curves,  respectively,  in  Fig.  2(a)  (right  axis).  The  intersections  of  these  curves  with  the  dotted  curve  for 
/n  in  the  absence  of  lasing  determine  the  first  and  the  second  lasing  thresholds  (the  abscissae  determine  jthi  and  jt h2, 
the  ordinates  determine  /n_thi  and  /n.th2)*  Since  the  light  intensity  is  zero  at  the  threshold  points,  the  two  solutions 
for  /n  of  the  rate  equations  in  the  presence  of  light  generation  go  (as  they  should)  into  /n_ thi  and  /n_th2  determined 
from  (4)  and  given  by  (9). 

Above  the  second  threshold  jth2>  both  the  gain-current  dependence  [Fig.  2(a),  left  axis]  and  the  light-current 
characteristic  (LCC)  [Fig.  2(b)]  are  two-valued.  At  j  —  jm ax,  the  two  branches  merge  in  both  characteristics. 

As  seen  from  (2),  in  the  presence  of  carrier-density-dependent  component  of  the  internal  loss  too  the  difference 
between  the  gain  and  the  internal  loss  is  pinned  at  the  value  of  the  mirror  loss  /?,  though  both  the  internal  loss 
aint  =  a0  4-  a\ntn  and  the  gain  g  =  gmAX(2fn  -  1)  [Fig.  2(a),  left  axis]  change  with  the  injection  current.  As  aint 
increases  with  the  current  above  the  conventional  threshold  jthi  in  the  first  (conventional)  lasing  regime,  the  gain 
strictly  follows  it  so  as  to  maintain  the  stable  generation  condition  g  -  a-mt  =  /?*  An  increase  of  aint  =  Oo  -f  trintn, 
caused  by  increasing  free-carrier  density  n  in  the  OCL,  is  compensated  by  an  increase  in  g  =  #max(2/n  -  1),  ensured 
by  increasing  confined-carrier  level  occupancy  fn  above  the  conventional  threshold  in  the  first  lasing  regime  [the  solid 
curve  in  Fig.  2(a)].  This  continues  up  to  the  maximum  pump  current  jmax  at  which  the  lasing  is  quenched. 

At  this  time,  we  cannot  propose  a  definite  experimental  technique  to  access  the  second  lasing  regime  (the  upper 
branch  of  the  gain-current  characteristic  [the  dashed  curve  in  Fig.  2(a)]  and  the  lower  branch  of  the  LCC  [the  dashed 
curve  in  Fig.  2(b)]).  Analysis  of  the  stability  of  the  second  lasing  regime  will  be  published  elsewhere. 

Other  mechanisms,  such  as  carrier  heating  and  modal  gain  compression,  can  also  lead  to  the  second  lasing 
threshold.  Thus,  due  to  the  increase  in  carrier  temperature  with  the  injection  current20"23  ,16  the  modal  gain  itself 
can  become  nonmonotonic  with  j,  decreasing  at  high  currents.22  Such  mechanisms  can  further  enhance  the  effect  of 
internal  loss.  The  effect  of  internal  loss  in  the  presence  of  other  mechanisms  is  a  matter  of  a  separate  study.  This 
study  will  show  the  relative  importance  of  different  mechanisms  involved  and  how  to  discriminate  them  from  each 
other.  Here,  it  is  however  worth  noting  that  the  internal  loss  will  remain  present  in  temperature-stabilized  devices, 
in  which  the  heating  effects  are  strongly  suppressed. 


5.  CRITICAL  TOLERABLE  PARAMETERS 

The  lasing  in  a  structure  is  only  possible  in  a  certain  region  of  values  of  the  structure  parameters.  This  multi¬ 
dimensional  region  of  tolerable  parameters  is  given  by  the  existence  condition  of  real  positive  roots  /n_t hi  and  /n_th2 
[see  (9)]  of  (4).  This  condition  is  of  the  form 

ll  +  i±£H+  l?JS^<y/2.  (16) 

v  #max  v  #max  ~ 

In  the  absence  of  internal  loss,  (16)  reduces  to  the  inequality  £max  >  (3  discussed  earlier.12,24 

The  limiting  case  when  the  inequality  (16)  becomes  equation,  yields  the  critical  tolerable  value  for  any  one  of  the 
parameters,  other  parameters  being  fixed.  These  critical  tolerable  parameters  are  ag1^,  a™ fx  (Section  5.1)  and  Lmin 
(and,  equivalently,  /Jmax)  (Section  5.2).  In  QD  lasers,  two  more  critical  parameters  are  N™m  and  Jmax. 12,24 
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When  the  equality  in  (16)  holds,  there  is  only  one  solution  of  the  threshold  condition.  The  curve  for  gmax(2fn  - 
1)  _  a.nt  is  tangent  at  its  maximum  to  the  horizontal  line  for  the  mirror  loss  8  (Fig.  1).  This  happens  as  L  or  o0 
(affecting  the  constant  component  of  the  total  loss),  or  crint  (affecting  the  carrier-density-dependent  component  of 
the  internal  loss),  or,  in  the  context  of  QD  lasers,  Ns  or  8  [affecting  <?max  -  see  (20)]  tend  to  their  critical  tolerable 
values.  In  this  case, 


/n_thl  —  /n_th2 


=  fn-th  =)j\  -1  "  / 


1  ^int 

2  <7max 


(17) 


[see  eq.  (10)  for  /"*]. 


5.1.  Critical  tolerable  values  of  Qo  and  cr jnt 

The  loss  parameters  q0  and  amt  are  not  directly  controllable  variables  as  they  are  determined  by  the  specific  loss 
processes  involved.  Nevertheless,  it  is  instructive  to  determine  the  2D-region  of  tolerable  values  of  Qo  and  (Tint  where 
lasing  can  be  attained  (the  hatched  region  in  Fig.  3)  for  given  structure  parameters.  This  procedure  becomes  even 
more  appealing  in  view  of  the  wide  scatter  of  reported  data  for  Qint >  even  for  similar  structures.  For  example, 
Qint  =  1.2cm-1  (Ref.25)  and  aint  =  11cm-1  (Ref.26)  was  reported  in  structures  with  InGaAs  QDs  based  on  GaAs 
substrates  (in  the  wavelength  ranges  Ao  =  1.25-1.29 |xm  and  1-1.1 /xm,  respectively).  In  Ref.  ,  the  internal  loss 
was  unaffected  by  the  number  of  QD  layers,  which  indicates  that  the  carrier-density-dependent  component  of  Qint 
was  negligible;  hence  the  measured  value  of  11cm-1  can  be  attributed  solely  to  a0-  The  estimated  value  of  <Tint  is 
1.3x  10-17  cm2  in  Ref.4  while  it  is  in  the  range  of  2.1±0.3x  10-17  cm2  in  Ref.8  for  GalnAsP/InP  double  heterostructure 
lasing  at  A0  =  1.3  /xm.  For  GalnAsP/InP  double  heterostructure  lasing  at  A0  —  1.6 /xm,  crint  =  2.5  x  10-17cm2  in 
Ref.4  and  crint  =  4  x  10-17cm2  in  Refs.3’5  . 

The  solid  curve  [given  by  the  equality  in  (16)]  in  Fig.  3  bounds  the  region  of  tolerable  values  of  Qo  and  <jmt 
for  a  given  mirror  loss  8  =  10  cm-1;  the  dashed  curve  is  the  corresponding  upper  bound,  obtained  by  assuming  an 
infinitely  long  cavity  (/?  =  0).  Each  point  on  the  solid  (dashed)  curve  presents  the  maximum  tolerable  value  of  crint 
at  a  fixed  Qo  and  given  L  (at  L  =  oo);  and  vice  versa,  maximum  tolerable  value  of  q0  at  a  fixed  crint. 

At  L  =  oo  and  Q0  =  0, 

<7™tax  =  (3  -  2  V^j  «  0.17  (18) 

(see  the  intersection  of  the  dashed  curve  and  the  vertical  axis  in  Fig.  3) . 

At  L  —  00  and  erint  =  0,  the  equation  for  Qq^  is  obvious: 


max  __  max 

a0  —  y 


(19) 


(see  the  tangent  point  of  the  dashed  curve  and  the  horizontal  axis  in  Fig.  3). 

All  the  above  equations  apply  equally  to  QD,  QWR  and  QW  lasers.  One  specifies  the  type  of  laser  by  substituting 
the  relevant  expression  for  gmax  and  relation  between  jfpon6  and  fn  [see  (8)  and  (??)-(??)]. 


Our  general  approach  is  illustrated  below  by  detailed  calculations  for  QD  lasers.  The  saturation  value  of  the 
modal  gain  is  given  by12,27 

°  1  h  T 


i  (  Aq  V 
4  \Vt) 


tqd  (Ae)inhom  a 


Ns 


(20) 


where  £  =  l/7r  and  £  =  for  the  Lorentzian  and  the  Gaussian  QD-size  distributions,  respectively,  A0  is  the 

lasing  wavelength,  e  is  the  dielectric  constant  of  the  OCL,  a  is  the  mean  size  of  QDs,  and  T  is  the  optical  confinement 
factor  in  a  QD  layer  (along  the  transverse  direction  in  the  waveguide).  The  inhomogeneous  line  broadening  caused 
by  fluctuations  in  QD  sizes  is  (Ae)i„hom  =  (<7n£n  +  <7p£p)<S>  where  en  and  sp  are  the  quantized  energy  levels  of  an 
electron  and  a  hole  in  a  mean-sized  QD,  qn<p  =  -(<91ncn.p/31no)  and  8  is  the  root  mean  square  (RMS)  of  relative  QD 
size  fluctuations. 

For  illustration,  we  consider  room-temperature  operation  of  a  GalnAsP/InP  heterostructure  similar  to  that 
assumed  in  Refs.12-14  .  Throughout  the  paper,  we  assume  the  following  structure  parameters,  unless  otherwise 
specified:  8  =  0.05  (10%  QD-size  fluctuations);  as-cleaved  facet  reflectivity  at  both  ends  (R  =  0.32)  and  L  - 
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1.139  mm,  which  correspond  to  the  mirror  loss  /?  =  10  cm^1;  Ns  ~  6.11  x  1010  cm”2,  which,  in  the  absence  of  internal 
loss,  is  the  optimum  Ns  minimizing  the  threshold  current  density  at  the  above  values  of  8  and  /?.  At  these  parameters, 
gm ax  =  29.52cm”1.  At  T  =  300 K,  m  =  5.07  x  1016cm”3. 

We  see  from  (18)-(20)  that  and  a™ax  increase  indefinitely  with  either  Ns  -4  oo  or  8  -4  0.  Hence  making 
the  QD  ensemble  denser  or  improving  the  QD-size  uniformity  is  a  direct  way  to  alleviate  the  limitations  on  lasing 
imposed  by  the  internal  loss  in  QD  structures. 

5.2.  Critical  tolerable  values  of  L  and  j3 

The  minimum  cavity  length  is  readily  obtained  from  (11)  and  (16)  and  is  given  by: 

r  min 

Lm'n  = -  0  » -  (21) 

(V2-  yfZp&Sty  -l-yfox 


where  L™'11  is  the  minimum  cavity  length  in  the  absence  of  internal  loss  [see  (12)]. 

The  equation  for  the  critical  tolerable  parameters  [equality  in  (16)]  can  be  rewritten  as  follows: 

rax  =  -  v^Tm) 2  -  <?max  -  QO  (22) 

where  /3max  =  (1/Lm|n)  ln(l/R)  is  the  maximum  tolerable  mirror  loss.  Eq.  (22)  has  an  evident  meaning.  The 
right-hand  side  is  simply  the  peak  value  of  the  difference  between  the  modal  gain  and  the  internal  loss  (Fig.  1);  this 
value  is  obtained  when  the  level  occupancy  in  the  active  region  is 

/"  = 1  _  i Jjpzk  (23> 


[see  also  the  last  equation  in  (17)].  When  the  mirror  loss  approaches  this  peak  value,  the  critical  condition  (22) 
is  met.  The  peak  value  of  the  difference  between  the  modal  gain  and  the  internal  loss  can  be  considerably  lower 
than  the  saturation  value  pmax  of  the  modal  gain  itself;  in  addition,  in  contrast  to  <?max,  it  is  temperature-dependent 
[through  the  T- dependence  of  the  quantity  n\  characterizing  the  intensity  of  the  thermal  escape  of  carriers  from  an 
active  region,  cf.  eq.  (3)]. 

Equations  (21)-(23)  hold  true  for  QD,  QWR  and  QW  lasers. 

For  QD  lasers,  using  eq.  (20)  for  #max  and  eq.  (12),  we  have24 


Lmin  _ 

0  — 


4 

e 


(  yft\  &  {Qn£  n  d"  <?p£p)  8 

U  j  TQDf — ft — 


1  1  1 
In  —  . 

Ns  R 


(24) 


Fig.  4  shows  Lmin  as  a  function  of  crint  calculated  using  (21)  and  (24).  As  evident  from  the  figure,  depending  on 
ao  and  crint,  the  restriction  Lmin  can  be  considerably  increased  compared  to  its  value  L™in  in  the  absence  of  internal 
loss.  This  is  consistent  with  the  discussion  in  Refs.17,18 ,  concerning  the  limitation  of  Lmin  for  the  QD-ground-state 
lasing  posed  by  a  steep  increase  in  c*int  with  decreasing  cavity  length  (due  to  loss-multiplication10,11). 

Throughout  the  paper,  we  chose  ao  =  3cm”1  and  crint  =  2.67  x  10”17cm”1  (unless  otherwise  specified),  so 
that  Lmin,  /?max,  N™m  and  Jmax  are  equal  to  1.139mm,  10cm”1,  6.11  x  1010cm“2  and  0.05,  respectively.  At  these 
plausible  ao  and  a\nt,  the  internal  loss  is  within  a  typical  range  from  several  to  above  ten  cm”1  (the  solid  curve 
and  the  left  axis  in  Fig.  7).  The  minimum  cavity  length  is  hence  almost  threefold  increased  compared  to  its  value 
in  the  absence  of  internal  loss  L™11  =  /im.  Thus,  our  theory  shows  that  the  absence  of  lasing  often  observed 
in  short-cavity  QD  structures  can  be  attributed  to  internal  loss.  Another  possible  reason  that  limits  lasing  via  the 
ground-state  transition  at  short  (under  a  millimeter)  cavity  lengths  can  be  a  small  overlap  integral  of  the  electron 
and  hole  wave  functions  in  low-symmetry  QDs;  this  was  discussed  in  Ref.28  . 

When  the  denominator  of  the  right-hand  side  in  (21)  is  zero,  then  Lmin  -4  oo,  i.e.  the  lasing  is  unattainable  at 
a  finite  cavity  length.  This  situation  at  a  high  internal  loss  may  be  somewhat  alleviated  by  using  high-reflectivity 
mirrors.  Indeed,  when  R  -4  1,  then  Lg110  -4  0  [see  (24)]  and  Lmm  can  be  kept  finite. 
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6.  THRESHOLD  CURRENT  DENSITIES  AGAINST  STRUCTURE  PARAMETERS 

The  confined  carrier  level  occupancies  in  the  active  region  at  both  the  lower  and  the  upper  lasing  thresholds,  /n.thi 
and  /n_th2,  calculated  using  (9)  are  shown  in  Fig.  5  (solid  and  dashed  curves,  respectively).  The  lower  and  the  upper 
threshold  current  densities,  y'thi  and  jtwii  are  shown  by  the  solid  and  the  dashed  curves,  respectively,  in  Fig.  6.  To 
illustrate  how  strong  the  effect  of  internal  loss  can  be,  the  level  occupancy  and  the  threshold  current  density  in  the 
absence  of  internal  loss,  fn o  and  jtho>  respectively,  are  also  shown  in  Figs.  5  and  6  (dotted  curves). 

In  the  absence  of  internal  loss,  the  level  occupancy  in  a  quantum-confined  active  region  tends  to  unity  (/n o  1) 
when  any  structure  parameter  approaches  its  critical  tolerable  value  [see  (11)  and  the  dotted  curve  in  Fig.  5];  hence 
the  threshold  current  density  in  the  absence  of  internal  loss  increases  infinitely  (jtho  oo)  -  see  the  dotted  curve  in 
Fig.  6. 

As  the  structure  parameter  equals  its  critical  tolerable  value  in  the  presence  of  carrier-density-dependent  internal 
loss  ((Tint  #  0),  the  two  solutions  of  the  threshold  condition  (the  solid  and  the  dashed  curves  in  Fig.  5)  merge  together 
at  a  value  given  by  (17).  Hence  the  lower  threshold  current  density  jthi  (the  solid  curve  in  Fig.  6)  and  the  upper 
threshold  current  density  jth2  (the  dashed  curve  in  Fig.  6)  merge  together  at  a  finite  value.  The  derivatives  of  /„, 
and  hence  of  n  and  jt h,  with  respect  to  the  structure  parameter  are  infinitely  high  at  a  critical  point  (Figs.  5-7). 
This  is  a  consequence  of  d(g  —  ot\nt)l &fn  —  0  at  this  point  -  see  Fig.  1.  Immediately  behind  the  critical  point,  the 
lasing  is  unattainable.  Hence,  the  curve  for  jthi  joins  smoothly  the  vertical  line  at  the  critical  point  (Fig.  6).  In 
contrast,  when  only  the  constant  component  of  the  internal  loss  is  present  (<7jnt  =  0),  the  curve  for  Jthi  approaches 
only  asymptotically  the  vertical  line  at  the  critical  point,  much  as  the  curve  for  jth o  does  [dotted  curve  in  Fig.  6]. 

It  is  evident  from  Fig.  6  that  the  internal  loss  can  have  a  strong  effect  on  the  lower  threshold  current  density  jt hi, 
especially  near  the  critical  point,  when  jthi  may  increase  by  several  times  compared  to  its  value  jtho  in  the  absence 
of  internal  loss. 

Fig.  7  shows  the  free-carrier  density  in  the  OCL  (right  axis)  and  the  internal  loss  (solid  curve,  left  axis)  at  the 
lower  lasing  threshold  against  L.  The  dotted  curve  shows  the  free-carrier  density  in  the  OCL  in  the  absence  of 
internal  loss  (right  axis).  As  seen  from  the  figure,  the  free-carrier  density  can  be  considerably  increased  due  to  the 
internal  loss. 


7.  CONCLUSIONS 

We  have  carried  out  a  theoretical  analysis  of  the  threshold  behavior  of  semiconductor  lasers  with  a  reduced- 
dimensionality  active  region  taking  a  general  account  of  the  internal  optical  loss. 

When  the  internal  loss  depends  on  the  free-carrier  density  in  the  OCL,  we  predict  the  existence  of  a  second 
(upper)  lasing  threshold.  Above  the  second  threshold,  two  physically  distinct  lasing  regimes  exist,  correspondingly, 
the  gain-current  characteristic  and  the  LCC  are  two- valued  up  to  a  maximum  current  at  which  the  lasing  is  quenched. 

Due  to  the  internal  loss,  the  region  of  tolerable  values  of  the  structure  parameters  is  strongly  narrowed,  and  both 
the  free-carrier  density  outside  the  active  region  and  the  confined-carrier  level  occupancy  in  the  active  region  at  the 
lasing  threshold  are  increased;  thus  the  threshold  current  density  is  increased. 

Presented  analysis,  exemplified  in  the  context  of  QD  lasers,  can  be  used  for  their  further  optimizing,  especially 
for  lowering  the  threshold  current  density  in  short-cavity  structures. 
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Fig.  1.  Illustration  of  the  threshold  condition  (4) 
and  of  the  two  lasing  thresholds.  Modal  gain  g 
[dotted  line  in  (a)  and  dotted  curve  in  (b)],  internal 
loss  (% m  (dashed  curve)  and  difference  of  modal 
gain  and  internal  loss  (solid  curve)  against 
confined-carrier-level  occupancy  in  the  active 
region  /n  (a),  free-carrier  density  in  the  OCL  n  (b, 
top  axis)  and  injection  current  density  j  (b,  bottom 
axis).  The  intersections  of  the  solid  curve  and  the 
horizontal  dash-dotted  line  for  the  mirror  loss  /?  are 
the  solutions  (9)  of  (4)  [in  (a)],  the  free-carrier 
densities  in  the  OCL  at  the  lower  and  the  upper 
thresholds  [in  (b,  top  axis)],  and  the  lower  and  the 
upper  threshold  current  densities,  7^1  and  j& 2, 
respectively  [in  (b,  bottom  axis)].  The  dependences 
on  n  and  j  in  (b)  are  easily  converted  from  those  in 
(a)  using  (3)  and  (8).  Throughout  the  paper,  a 
GalnAsP/InP-based  QD-heterostructure  lasing  near 
1.55  pm  (see  Refs.  12~14)  is  considered  for  illustra¬ 
tion.  In  Figs.  1  and  2,  the  mirror  loss  p  =  7  cm-1; 
otherwise,  p  =  10  cm'1.  Parameters  Oq  and  o[nt  are 
plausibly  taken  as  3  cm-1  and  2.67xl0~17  cm-1, 
respectively. 


Fig.  2.  Two-valued  lasing  characteristics:  gain-current 
(a,  left  axis)  and  light-current  (b).  The  branches 
corresponding  to  the  first  (conventional)  and  the 
second  (anomalous)  regimes  (solid  and  dashed  curves, 
respectively)  merge  together  at  the  point  jmzx,  which 
defines  the  maximum  operating  current.  At  j  >  7max, 
the  lasing  is  quenched.  The  dotted  curve  in  (a)  is  the 
gain-current  dependence  for  a  nonlasing  regime.  Since 
g  =  gmax(2/n-l),  the  same  curves  in  (a)  show  the 
confined-carrier  level  occupancy  fn  in  the  active  region 
(right  axis):  solid  and  dashed  curves  —  for  the  first 
and  the  second  lasing  regimes,  respectively,  dotted 
curve  —  for  a  nonlasing  regime.  The  intersections  of 
the  solid  and  dashed  curves  for  the  first  and  the  second 
lasing  regimes  with  the  dotted  curve  for  nonlasing 
regime  determine  the  first  and  the  second  lasing 
thresholds  (the  abscissae  determine  7^1  and  7^2,  the 
ordinates  determine/n.thi  and/n.th2)*  In  (b),  the  assumed 
stripe  width  W  =  2  pm. 
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Fig.  3.  2D-region  of  tolerable  values  of  the  normalized 
internal  loss  parameters  ao/g™*  and  tfjntrti/gmax  given  by 
(16)  (the  hatched  region  below  the  solid  curve);  the 
ratio  /?/gmax  =  0.34,  which  corresponds  to  /?  =  10  cm'1 
and  gmax  =  29.52  cm'1  for  the  structure  considered.  The 
tolerable  region  for  the  case  p  =  0  is  the  region  below 
the  dashed  curve.  The  boundary  (the  solid  or  the  dashed 
curve  at  /?/gmax  =  0.34  or  fi/g™x  =  0,  respectively) 
represents  the  maximum  tolerable  value  of  0jnt, 

versus  Oq\  and  vice  versa,  the  maximum  tolerable  value 
of  Oo,  a q  versus  o;nt  if  the  functional  relationship 

between  the  abscissa  and  the  ordinate  is  interchanged. 


Fig.  4.  Minimum  cavity  length  Lmin  against  absorption 
loss  cross-section  amx-  £mm  is  calculated  using  (21).  The 
same  curve  can  be  viewed  as  representing  <7™*  versus 

the  cavity  length  L. 


Fig.  5.  Confined-carrier  level  occupancy  in  the  active 
region  at  the  lower  (solid  curve)  and  upper  (dashed  curve) 
lasing  thresholds, /n.thi  and /n.th2  [see  (9)],  against  L.  The 
dotted  curve  shows  the  level  occupancy  /n0  at  the  lasing 
threshold  in  the  absence  of  internal  loss. 


Fig.  6.  The  lower  and  the  upper  threshold  current  densities 
(solid  and  dashed  curves,  respectively),;^  and  7*2,  against 
L.  The  curve  for  j^\  joins  smoothly  the  vertical  dash-dotted 
line  at  the  critical  point.  The  dotted  curve  and  the  vertical 
dotted  lines  show  the  threshold  current  density  7^0  and  its 
asymptote  at  the  critical  point  in  the  absence  of  internal 
loss. 


Fig.  7.  Free-carrier  density  in  the  OCL  (right  axis)  and 
internal  loss  (left  axis)  at  the  lower  lasing  threshold 
against  L .  The  dotted  curve  shows  n  in  the  absence  of 
internal  loss. 


78  Proc.  of  SPIE  Vol.  5349 


REFERENCES 

1.  L.  A.  Coldren  and  S.  W.  Corzine,  “Diode  lasers  and  photonic  integrated  circuits,”  New  York:  John  Wiley  & 
Sons,  1995,  594  p. 

2.  D.  Z.  Garbuzov,  A.  V.  Ovchinnikov,  N.  A.  Pikhtin,  Z.  N.  Sokolova,  I.  S.  Tarasov,  and  V.  B.  Khalfin,  “Experi¬ 
mental  and  theoretical  investigations  of  singularities  of  the  threshold  and  power  characteristics  of  InGaAsP/InP 
separate-confinement  double-heterostructure  lasers  (A  =  1.3 /xm),”  Sov.  Phys.  Semicond.,  vol.  25,  no.  5,  pp. 
560-564,  May  1991. 

3.  M.  Asada,  A.  R.  Adams,  K.  E.  Stubkjaer,  Y.  Suematsu,  Y.  Itaya,  and  S.  Arai,  “The  temperature  dependence 
of  the  threshold  current  of  GalnAsPAnP  DH  lasers,”  IEEE  J.  Quantum  Electron.,  vol.  17,  no.  5,  pp.  611-619, 
May  1981. 

4.  C.  H.  Henry,  R.  A.  Logan,  F.  R.  Merritt,  and  J.  P.  Luongo,  “The  effect  of  intervalence  band  absorption  on  the 
thermal  behavior  of  InGaAsP  lasers,”  IEEE  J.  Quantum  Electron.,  vol.  19,  no.  6,  pp.  947-952,  June  1983. 

5.  M.  Asada,  A.  Kameyama  and  Y.  Suematsu,  “Gain  and  intervalence  band  absorption  in  quantum-well  lasers,” 
IEEE  J.  Quantum  Electron.,  vol.  20,  no.  7,  pp.  745-753,  July  1984. 

6.  N.  A.  Gun’ko,  V.  B.  Khalfin,  Z.  N.  Sokolova,  G.  G.  Zegrya,  “Optical  loss  in  InAs-based  long-wavelength  lasers,” 
J.  Appl.  Phys.,  vol.  84,  no.  1,  pp.  547-554,  July  1998. 

7.  J.  J.  Lee,  L.  J.  Mawst,  and  D.  Botez,  “MOCVD  growth  of  asymmetric  980 nm  InGaAs/InGaAsP  broad- 
waveguide  diode  lasers  for  high  power  applications,”  J.  Cryst.  Growth,  vol.  249,  nos.  1-2,  pp.  100-105,  Feb. 
2003. 

8.  D.  A.  Ackerman,  G.  E.  Shtengel,  M.  S.  Hybertsen,  P.  A.  Morton,  R.  F.  Kazarinov,  T.  Tanbun-Ek,  and  R. 
A.  Logan,  “Analysis  of  gain  in  determining  To  in  1-3  /xm  semiconductor  lasers,”  IEEE  J.  Sel.  Top.  Quantum 
Electron.,  vol.  1,  no.  2,  pp.  250-63,  June  1995. 

9.  G.  L.  Belenky,  C.  L.  Reynolds,  D.  V.  Donetsky,  G.  E.  Shtengel,  M.  S.  Hybertsen,  M.  A.  Alam,  G.  A.  Baraff, 
R.  K.  Smith,  R.  F.  Kazarinov,  J.  Winn,  L.  E.  Smith,  “Role  of  p-doping  profile  and  regrowth  on  the  static 
characteristics  of  1.3-/xm  MQW  InGaAsP-InP  lasers:  Experiment  and  modeling,”  IEEE  J.  Quantum  Electron., 
vol.  35,  no.  10,  pp.  1515-1520,  Oct.  1999. 

10.  S.  Seki,  H.  Oohasi,  H.  Sugiura,  T.  Hirono,  and  K.  Yokoyama,  “Dominant  mechanisms  for  the  temperature 
sensitivity  of  1.3 /xm  InP-based  strained-layer  multiple-quantum-well  lasers,”  Appl.  Phys.  Lett.,  vol.  67,  no.  8, 
pp.  1054-1056,  Aug.  1995. 

11.  S.  Seki,  H.  Oohasi,  H.  Sugiura,  T.  Hirono,  and  K.  Yokoyama,  “Dominant  mechanism  for  limiting  the  maximum 
operating  temperature  of  InP-based  multiple-quantum-well  lasers,”  J.  Appl.  Phys.,  vol.  79,  no.  5,  pp.  2192-2197, 
Mar.  1996. 

12.  L.  V.  Asryan  and  R.  A.  Suris,  “Inhomogeneous  line  broadening  and  the  threshold  current  density  of  a  semicon¬ 
ductor  quantum  dot  laser,”  Semicond.  Sci.  Technol.,  vol.  11,  no.  4,  pp.  554-567,  Apr.  1996. 

13.  L.  V.  Asryan  and  R.  A.  Suris,  “Carrier  photoexcitation  from  levels  in  quantum  dots  to  states  of  the  continuum 
in  lasing,”  Semicond.,  vol.  35,  no.  3,  pp.  343-346,  Mar.  2001. 

14.  L.  V.  Asryan,  S.  Luryi  and  R.  A.  Suris,  “Internal  efficiency  of  semiconductor  lasers  with  a  quantum-confined 
active  region,”  IEEE  J.  Quantum  Electron.,  vol.  39,  no.  3,  pp.  404-418,  Mar.  2003. 

15.  S.  Seki  and  K.  Yokoyama,  “Electrostatic  deformation  in  band  profiles  of  InP-based  strained-layer  quantum-well 
lasers,”  J.  Appl.  Phys.,  vol.  77,  no.  10,  pp.  5180-5184,  May  1995. 

16.  L.  V.  Asryan,  N.  A.  Gun’ko,  A.  S.  Polkovnikov,  G.  G.  Zegrya,  R.  A.  Suris,  P.-K.  Lau,  and  T.  Makino,  “Threshold 
characteristics  of  InGaAsP/InP  multiple  quantum  well  lasers,”  Semicond.  Sci.  Technol.,  vol.  15,  no.  12,  pp.  1131- 
1140,  Dec.  2000. 

17.  A.  E.  Zhukov,  A.  R.  Kovsh,  V.  M.  Ustinov  and  Zh.  I.  Alferov,  “Loss  multiplication  in  a  quantum  dot  laser,” 
Laser  Phys.,  vol.  13,  no.  3,  pp.  319-323,  Mar.  2003. 

18.  A.  R.  Kovsh,  N.  A.  Maleev,  A.  E.  Zhukov,  S.  S.  Mikhrin,  A.  P.  Vasil’ev,  E.  A.  Semenova,  Yu.  M.  Sh- 
ernyakov,  M.  V.  Maximov,  D.  A.  Livshits,  V.  M.  Ustinov,  N.  N.  Ledentsov,  D.  Bimberg,  and  Zh.  I.  Alferov, 
“InAs/InGaAs/GaAs  quantum  dot  lasers  of  1.3  /xm  range  with  enhanced  optical  gain,”  J.  Cryst.  Growth,  vol. 
251,  nos.  1-4,  pp.  729-736,  Apr.  2003. 

19.  L.  V.  Asryan  and  S.  Luryi,  “Two  lasing  thresholds  in  semiconductor  lasers  with  a  quantum-confined  active 
region,”  Appl.  Phys.  Lett.,  vol.  83,  no.  26,  pp.  5368-5370,  Dec.  2003. 


Proc.  of  SPIE  Vol.  5349  79 


20.  P.  G.  Eliseev,  “Introduction  to  the  physics  of  injection  lasers,”  Moscow:  Nauka,  1983,  294  p.  (in  Russian). 

21.  V.  B.  Gorfinkel,  S.  Luryi  and  B.  Gelmont,  “Theory  of  gain  spectra  for  quantum  cascade  lasers  and  temperature 
dependence  of  their  characteristics  at  low  and  moderate  carrier  concentrations,”  IEEE  J.  Quantum  Electron., 
vol.  32,  no.  11,  pp.  1995-2003,  Nov.  1996. 

22.  V.  Gorfinkel,  M.  Kisin  and  S.  Luryi,  “Hot  electrons  and  curves  of  constant  gain  in  long  wavelength  quantum 
well  lasers,”  Optics  Express,  vol.  2,  no.  4,  pp.  125-130,  Feb.  1998. 

23.  L.  V.  Asryan,  N.  A.  Gun’ko,  A.  S.  Polkovnikov,  R.  A.  Suris,  G.  G.  Zegrya,  B.  B.  Elenkrig,  S.  Smetona,  J.  G. 
Simmons,  P.-K.  Lau,  and  T.  Makino,  “High-power  and  high-temperature  operation  of  InGaAsP/InP  multiple 
quantum  well  lasers,”  Semicond.  Sci.  Technol.,  vol.  14,  no.  12,  pp.  1069-1075,  Dec.  1999. 

24.  L.  V.  Asryan  and  R.  A.  Suris,  “Longitudinal  spatial  hole  burning  in  a  quantum-dot  laser,”  IEEE  J.  Quantum 
Electron.,  vol.  36,  no.  10,  pp.  1151-1160,  Oct.  2000. 

25.  S.  S.  Mikhrin,  A.  E.  Zhukov,  A.  R.  Kovsh,  N.  A.  Maleev,  A.  P.  Vasil’ev,  E.  S.  Semenova,  V.  M.  Ustinov,  M. 
M.  Kulagina,  E.  V.  Nikitina,  I.  P.  Soshnikov,  Yu.  M.  Shernyakov,  D.  A.  Livshits,  N.  V.  Kryjanovskaya,  D.  S. 
Sizov,  M.  V.  Maksimov,  A.  F.  Tsatsul’nikov,  N.  N.  Ledentsov,  D.  Bimberg,  and  Zh.  I.  Alferov,  “High  efficiency 
(t?d  >  80%)  long  wavelength  (A  >  1.25  pm)  quantum  dot  diode  lasers  on  GaAs  substrates,”  Semicond.,  vol.  36, 
no.  11,  pp.  1315-1321,  Nov.  2002. 

26.  P.  M.  Smowton,  E.  Herrmann,  Y.  Ning,  H.  D.  Summers,  P.  Blood,  M.  Hopkinson,  “Optical  mode  loss  and  gam 
of  multiple-layer  quantum-dot  lasers,”  Appl.  Phys.  Lett.,  vol.  78,  no.  18,  pp.  2629-2631,  Apr.  2001. 

27.  L.  V.  Asryan  and  R.  A.  Suris,  “Charge  neutrality  violation  in  quantum  dot  lasers,”  IEEE  J.  Select.  Topics 
Quantum  Electron.,  vol.  3,  no.  2,  pp.  148-157,  Apr.  1997. 

28.  L.  V.  Asryan,  M.  Grundmann,  N.N.  Ledentsov,  O.  Stier,  R.A.  Suris,  and  D.  Bimberg,  “Effect  of  excited-state 
transitions  on  the  threshold  characteristics  of  a  quantum  dot  laser,”  IEEE  J.  Quantum  Electron.,  vol.  37,  no.  3, 
pp.  418-425,  March  2001. 


80  Proc.  of  SPIE  Vol.  5349 


On  pattern-effects-free  operation  of  QD  SO  As  for  high  speed 

applications 

Alexander  V.  Uskov 

National  Microelectronics  Research  Center,  Lee  Makings,  Prospect  Row,  Cork,  Ireland; 
Lebedev  Physical  Institute,  Leninsky  pr.53,  1 19991,  Moscow,  Russia 


ABSTRACT 


We  have  developed  a  theory  of  high-speed  operation  of  quantum  dot  (QD)  semiconductor  optical  amplifiers  (SOAs),  and 
showed  that  pattem-effect-free  amplification  of  pulse  trains,  cross  gain  modulation  (XGM)  and  cross  phase  modulation 
(XPM)  can  take  place  in  QD  SOA  in  the  regime  with  maximum  gain.  Formulas,  which  relate  the  maximum  bit-rate  for 
the  pattem-effect-free  operation  and  the  average  SOA  output  power  to  the  SOA  pump  current  density,  were  derived. 
XGM  without  pattern  effect  can  be  realized  in  the  regime  with  maximum  gain  due  to  spectral  hole  burning  effects. 
Possibility  of  ultrafast  frequency  conversion  and  demultiplexing  of  data  pulse  streams  through  this  nonlinearity  is 
illustrated.  Expression  for  the  nonlinear  refractive  index  rjn\  due  to  spectral  hole  burning  in  QD  structure  was  obtained. 
The  value  of  t]nX  in  QD  SOAs  can  be  by  4-5  orders  larger  than  rjnX  in  silica;  and  efficient  ultrafast  XPM  without  pattern 
effects  can  be  carried  out  in  QD  SOA  through  this  nonlinearity.  In  whole,  usage  of  the  regime  with  maximum  gain  in  QD 
SOAs  can  lead  to  development  of  new  generation  of  high-speed  devices  for  ultrafast  optical  processing  and 
communications. 

Keywords:  Semiconductor  optical  amplifiers,  quantum  dots,  high-speed  optical  processing 

1.  INTRODUCTION 

Quantum  Dot  (QD)  technologies  already  have  demonstrated  their  great  possibilities  in  the  realization  of  semiconductor 
lasers  with  record  parameters  [1].  At  present,  interest  is  growing  rapidly  in  QD  semiconductor  optical  amplifiers 
(SOAs),  due  to  the  unique  potential  that  they  possess  for  applications  in  high-speed  optical  communications  and  optical 
processing  [2-9].  The  first  experimental  results  showing  pattem-effect-free  (PEF)  operation  of  a  QD  SOA  at  10  GHz 
were  presented  by  Akiyama  et  cd  in  [2].  In  [3],  QD  SOA  with  an  extremely-high  penalty-free  output  power  of  20  dBm  at 
40  Gb/s  were  presented.  Numerical  simulation  of  QD  SOAs  [4-5]  allowed  Sugawara  et  al  to  conclude  that  the  PEF 
operation  can  be  realized  in  QD  SOA  at  160  Gb/s.  It  was  shown  in  [6]  that  the  pattem-effect-free  amplification  can 
occur  in  SOA  in  the  regime  with  maximum  (constant)  linear  gain. 

The  goal  of  the  presented  work  has  been  to  develop  a  theory  of  pattem-effect-free  operation  of  QD  SOAs,  and  in 
particular,  and  to  identify  the  conditions,  under  which  pattern  effects  are  suppressed,  and  to  compare  QD  SOAs  with 
quantum  well  and  bulk  SOAs  for  realization  of  the  pattem-effect-free  operation.  In  Section  2  of  the  paper,  the  model  for 
carrier  dynamics  in  QD  SOA  is  presented,  and  PEF  amplification  in  SOA  is  considered.  High-speed  cross-gain- 
modulation  (XGM)  without  pattern-effects  in  QD  SOAs  is  described  in  Section  4.  Section  5  describes  briefly  PEF  cross¬ 
phase-modulation  (XPM).  Section  5  is  Conclusions. 

2.  PULSE  TRAIN  AMPLIFICATION  WITHOUT  PATTERN  EFFECTS 


The  propagation  of  a  pulse  train  in  an  SOA  along  the  z-axis  is  described  with  the  propagation  equation  for  the  photon 
density  S=S(c,  t) 
dS(z,t)  1  dS(zJ) 


dt 


C^mod  )*  0 


(1) 
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where  vt  =  cjt]^  is  the  group  velocity,  tjr/r  is  the  group  refractive  index,  cc„bs  is  the  absorption  coefficient,  and  ,?m0d  is  the 

modal  gain  for  the  pulses  of  the  frequency  CO.  Propagation  of  pulse  trains  in  QD  SOAs  depends  strongly  on  carrier 
dynamics  over  energy  levels  in  QD  structure,  which  is  described  by  the  appropriate  rate  equations  for  the  QD  level 
populations  and  the  Wetting  Layer  (WL)  carrier  density  [4-5,  7,  10].  In  consideration  of  carrier  dynamics  in  QD 
structures,  two  time  scales  are  of  particular  importance:  namely  the  pulse  duration  Tp,  and  the  characteristic  relaxation 
time  Tn.i  in  which  the  working  QD  levels  ground  state  return  to  equilibrium  due  to  carrier  capture,  escape  and  relaxation 
processes  in  the  QD  structure.  Experimentally,  relaxation  times  Tre,  ranging  from  hundreds  of  femtoseconds  to  tens  of 
picoseconds  have  been  observed;  see,  for  instance,  [8-9].  In  this  paper,  we  consider  only  the  case  when  the  pulse 
duration,  r„  is  much  longer  than  the  characteristic  relaxation  time  trel: 

(2) 

T„  »  r,/  ' 

In  this  case,  the  gain  gmod  can  then  be  written  as  a  function  of  the  total  areal  carrier  density  n  in  the  QD  structure  (QD 
layer  and  Wetting  Layer)  and  of  the  photon  density  S  [10], 

8  mod  —  SmodObS) 

At  low  photon  densities  S  ( £  S  « 1 ),  the  gain  (3)  can  be  written  as  [10] 


S„,«,=Smod0bS)  =  5l(»)-(l-fS)  (4) 

where  glh  =  glh,0t)  is  the  linear  modal  gain  (i.e.  the  gain  at  5—0).  The  nonlinear  gain  coefficient  £  describes  spectral 
hole  burning”  (SHB)  in  the  QD  structure  (i.e.  the  change  of  the  carrier  distribution  in  the  inhomogeneously  broadened 
QD  ensemble  and  WL,  due  to  stimulated  earner  recombination).  The  nonlinear  gain  coefficient  can  be  evaluated 
approximately  as  [10] 

£~XTn,Vx(Jm  (5) 


where 


<7  -  2^C0  (6) 

is  the  resonant  cross-section  of  the  carrier-photon  interaction;  ju  is  the  dipole  moment  of  the  working  optical  transition  in 
the  QD;  rft, s  is  the  nonresonant  background  refractive  index.  Fig.  1  shows  the  dependence  of  the  lineal  gain  ginod  in  QD 
SOA  (solid  line)  on  the  dimensionless  total  carrier  density  x  =  n/2N D  (No  is  the  areal  density  of  the  QDs  in  one  QD 
layer).  The  linear  gain  fast  achieves  its  maximum  value  gmK ,  and  then  at  a>a>  it  remains  approximately  constant,  having 
reached  complete  population  inversion  of  the  ground  electron  and  hole  QD  levels.  Experimentally,  such  a  behavioi  of 
the  modal  gain  has  been  observed,  for  instance,  in  [11-12],  The  maximum  modal  gain  due  to  transitions  between  the 
ground  electron  and  hole  QD  levels  can  be  evaluated  as 


(7) 

L'.t>  X/ ithom 

(see,  for  instance  [13]),  where  /  is  the  number  of  QD  layers  in  the  SOA,  is  the  effective  optical  thickness  of  the  SOA 
waveguide,  and  y.i[Km  is  the  inhomogeneous  linewidth  of  the  QD  ensemble.  The  characteristic  carrier  density 
n  =  2 Nd  x  ,  at  which  the  gain  reaches  approximately  its  maximum,  is  defined  by  the  QD  sizes,  the  material  parameters 
of  the  QD  structure  and  the  temperature.  As  shown  below,  the  regime  with  constant  (maximum)  gain  is  the  key  to 
achieve  PEF  operation  in  QD  SOA.  For  comparison,  Fig.  1  shows  the  dependence  of  the  modal  gain  on^the 
dimensionless  carrier  density  x  also  for  QW  and  bulk.  For  QW  and  bulk,  x  —  n2D  jnlD  and  x  —  n2Dfn2D  , 
correspondingly,  where  n,0  ( n}D  )  is  the  two  (three)  —  dimensional  carrier  density  in  QW  (bulk),  and  n2D  ( n)D )  is  the 
two  (three)  -  dimensional  density  of  states  for  the  QW  (bulk).  One  sees  that  in  QW  and  bulk  SOAs  the  gain  also  tends  to 
maxima,  but  the  maxima  are  achieved  at  much  higher  pumps. 


The  dynamics  of  the  total  carrier  density  n  is  given  by  the  rate  equation 


dn  _  n-iij 
dt  rs 


(8) 
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where  1  i/rs  is  the  interband  carrier  relaxation  rate;  ;zy  =Jts/ql ,  and  J  is  the  pump  current  density  in  the  SOA.  Below 
we  consider  pulse  train  amplification  using  Eq.(8),  which  works  if  the  condition  (2)  is  satisfied. 

On  should  stress  that  PEF  operation  is  not  restricted  by  the  condition  (2).  This  operation  can  take  place  also  under  other 
relations  between  the  pulse  duration  rp  and  the  characteristic  relaxation  time  Trci.  In  particular,  PEF  amplification  for 
Tp«  Trci  has  been  analyzed  in  detail  in  [14]. 


Fig.  1.  Dependence  of  the  linear  gain  on  the 

dimensionless  carrier  density  a*  for  QD  (solid),  QW  (dashed) 
and  bulk  (dotted)  SOA. 


Fig.2.  Carrier  density  dynamics  (solid  line)  in  a  SOA  upon 
amplification  of  a  data  pulse  train  with  a  random  distribution 
of  pulses.  Tp  is  the  bit-period  in  the  train.  Black  triangles  are 
pulses  (“1”);  light  triangles  are  empty  positions  in  the  data 
pulse  train  (“0”).  Inset  shows  the  carrier  dynamics  in  the  case 
of  a  periodic  pulse  train. 


If  a  pulse  train  propagates  through  the  SOA,  the  carrier  density  decreases  during  the  passage  of  the  pulse,  and  then 
recovers  between  pulses  (Fig.2).  From  Eq.(8),  a  characteristic  recovery  time  can  be  defined  for  the  carrier  density  after 
each  pulse  by  the  carrier  lifetime  Ts  (~ins).  If  the  pulse  train  has  a  random  distribution  of  pulses,  and  the  bit-period  T{) 

in  this  bit  stream  (Fig.2)  is  less  then  the  carrier  lifetime  rs ,  then  such  a  pulse  train  will  lead  to  random  variations  of  the 
carrier  density,  as  in  Fig.  2.  Since  the  gain  in  Eq.(4)  depends,  in  general,  on  the  carrier  density  /z,  this  results  in  random 
changes  of  the  gain.  Such  random  gain  dynamics  can  cause  pattern  effects  in  the  operation  of  SOA-based  devices  for 
optical  processing  [15].  This  situation,  where  the  random  carrier  dynamics  leads  to  pattern  effects,  is  typical  for  bulk  and 
QW  SOAs  [15].  However,  if  the  carrier  density  n  is  larger  than  the  characteristic  carrier  density  nn  n(t)  >  nc  (see  Fig.l), 
then  the  linear  gain  will  remain  approximately  constant,  despite  the  strong  carrier  dynamics  in  the  SOA.  The  constancy 
of  the  lineal*  gain,  gm  ~  gniax  ,  provides  absence  of  pattern  effects  during  amplification  of  random  pulse  train.  Indeed,  if 
for  instance  eS  «  1 ,  the  modal  gmod  =  gmax  =  const  [see  Eq.(4)],  so  that  arbitrary  pulse  in  the  train  is  amplified  linearly 
(without  any  saturation  of  amplification)  with  the  linear  SOA  gain 

Gm  =Glla(L)  =exp[(giim  -aiihs)L\  (9) 

[see  Eq.(l)],  where  L  is  the  SOA  length.  This  implies  the  PEF  amplification  of  random  pulse  trains.  But  if  even  the 
condition  eS  «  1  is  not  satisfied,  PEF  amplification  also  occurs.  In  the  regime  with  maximal  linear  gain,  we  have  for 
the  modal  gain 

-(l-s-S)  <10> 

From  Eq.(10),  the  modal  gain  is  changed  instantaneously  with  change  of  the  photon  density  S  in  the  amplified  pulse 
itself.  It  means  that  identical  pulses  in  random  pulse  train  are  amplified  equally,  and  pattern  effects  are  absent  in 
amplification  of  random  pulse  train  consisting  of  identical  pulses. 

The  propagation  equation  (1)  can  be  easily  integrated,  when  the  gain  is  given  by  Eq.(10).  The  output  photon  density  are 
given  by 

S0ll,=S0Jz  =  L,t)  =  SjT)-G(L,T)  (11) 
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(12) 


where  the  SOA  gain  G(L,  t)  is  given  by 


G(L,r) 


-  a,,ln  +  (G«. 


l)Sm^,,(r) 


where  SJt)  =  S(z=0,t)  is  the  input  photon  density,  r  =  t-L/vg .  One  can  see  from  the  solution  (11)-(12),  that  the 
pulses  in  train,  which  do  not  overlap  each  other,  do  not  affect  amplification  of  each  other;  this  means  PEF  amplification 
of  random  pulse  trans.  The  pulse  gain  Gmhr  =  Eou,/E„, ,  where  Em„  ( )  is  the  output  (input)  pulse  energy,  depends  on 

pulse  shape.  For  rectangular  pulses  of  the  duration  Tp ,  we  have  from  Eqs.(l  1)-(12) 

G  G‘!«  (13) 

1 +  EJE? 

where 

„  =  (fr»V  eA,tT„(gnn'  -g„J 

£  '  (G„m  1 1  g  max 

is  the  input  saturation  pulse  energy  due  to  the  SHB  gain  nonlinearity,  Awg  is  the  optical  cross- section  of  the  SOA 
waveguide.  Eq.(13)  shows  that  the  gain  Gpuise  is  saturated  with  increasing  input  pulse  energy  E.t  due  to  the  SHB  effects. 
One  should  stress  again  that  PEF  amplification  takes  place  in  the  maximum  linear  gain  regime  despite  of  the  gain 
saturation  due  to  SHB. 


The  condition  when  the  linear  modal  gain  g ^ d  =  g^d(n)  can  be  taken  as  constant  can  be  obtained  as  follows.  For  a 
given  bit-period  Tp  (see  Fig.  2),  and  the  output  pulse  energy  Eol(t  in  the  data  stream,  the  minimal  carrier  densities  occur  at 
SOA  output  for  the  most  dense  data  stream  (...11111...),  i.e.  for  a  periodic  pulse  train.  In  this  case,  the  carrier  density 
has  a  periodic  dynamic  variation,  changing  between  «min  and  nmxt ;  as  illustrated  by  the  inset  in  Fig. 2.  We  assume  that 
the  pulse  duration  vp  in  this  train  is  much  shorter  than  the  bit-period  Tp  between  pulses  and  also  than  the  carrier  lifetime 
rs  (r  «T  ,rs  ).  Each  pulse  can  then  be  approximated  by  a  ^-function  [15].  In  this  case,  assuming  n  >nc  (i.e.  the 
linear  gain  is  equal  to  its  maximum,  ~  gmXK ),  one  can  obtain  from  Eq.(7)  values  for  nmxi  and  «mjn .  Integrating  (8) 
over  pulses  and  between  them,  we  find 


^wg  £  n 


lho)Ai 


"  Eou,  (l  Eoiit/ESHB ) 


(14) 


=  >h  +  («,,„„  -»j)-  exp(-7 \/ts  )  (15) 

where  EM,=tico\  gAK!  jdtS(L,t)  is  the  output  pulse  energy,  Eshb  =  t/icov  sAu.J(^£)  is  the  saturation  parameter  due  to 

pilISC 

SHB,  and  £  is  a  numerical  coefficient,  which  depends  on  the  pulse  shape;  £-1.  In  the  derivation  of  Eq.(14),  we  used 
the  relation:  J</r[S(L,f)P  =£•  [jdtS(Lj)f  /tp  .  Finding  ;imi„  from  (14)-(15),  and  requiring  that  >  nc ,  we  obtain  the 
condition  for  the  linear  gain  to  be  constant  as: 


„  >  /?  ,  Eotil  (l  E . /£  )  (16) 

J~  c  l -tuo  Ai.!  [l-exp(-  T /rs)J 

If  Tp  «  Ts  (for  high-speed  modulation),  the  condition  in  Eq.(16)  can  be  rewritten  as 

c  ^  ("i  (17) 


where  P™  =  E0llt/Tp  is  the  average  power  at  SOA  output.  We  note  that  Eq.(17)  is  obtained  from  (16)  by  ejecting  the 
terms  involving  Esim ,  so  that  Eq.(17)  is  therefore  an  even  stronger  condition  than  Eq.(16).  Both  Eqs.  (16)  and  (17)  show 
that  increasing  the  SOA  pump  carrier  density  n3  will  increase  the  range  of  bit-rates,  pulse  energies  and  powers  for  which 
the  linear  gain  can  be  kept  at  its  maximum.  For  Pmr=40mW,  gmxK  ~3A0yml ,  /=5,  we  require  from  Eq.(17)  that 
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(iij  -nc)  >  4-  10,6m ' .  Assuming  that  ns  »  nc ,  we  estimate  the  corresponding  pump  current  density  as  J  >  6  kA/em2 , 
which  is  quite  reasonable  for  a  QD  SOA  [2-5,  8-9,  1 1-12]. 

From  Eq.(17),  one  can  conclude  on  superiority  of  QD  SOAs  for  realization  PEF  amplification  in  comparison  with  QW 
and  bulk  SOAs.  At  first,  the  maximum  gain  regime  (complete  population  of  working  levels)  in  QDs  is  achieved  at  lower 
pumps  than  in  QWs  and  bulk  (the  dimensionless  carrier  density^  is  smaller  for  QDs  than  for  QW  and  bulk,  see  Fig.  1). 
At  second,  the  maximum  gain  g  max  is  lower  in  QD  SOA  than  in  QW  and  bulk,  in  particular,  because  the  carrier-photon 

interaction  cross-section  <Jrcs  in  QDs  is  lower  than  in  QWs  and  bulk  due  to  imperfect  overlap  of  the  electron  and  hole 
wavefunctions  in  QDs  [13].  As  result,  PEF  amplification  can  be  realized  in  QD  SOAs  at  higher  bit-rates  and  average 
powers  in  pulse  train,  and  at  lower  pump  current  densities  than  in  QW  and  bulk  SOAs. 

As  noted  above,  the  modal  gain  can  be  written  as  a  function  of  the  total  carrier  density  n  and  the  photon  density  [see, 
Eq.(3)-(4)],  if  the  pulse  duration  rp  is  much  longer  than  the  population  relaxation  time  rw:  Tp  »  Trcl .  In  above 

analysis,  we  also  assume  that  the  bit-period  Tp  in  the  amplified  pulse  train  is  much  longer  than  the  pulse  duration  Tp , 
Tp  »  Tp .  That  is,  the  relation  Tp  »  rp  must  be  satisfied  for  validity  of  above  results.  Thus,  if  for  instance  the  time  rw 
is  of  the  order  of  0.1-lps,  and  if  the  SOA  is  pumped  sufficiently  strongly  so  that  Eq.(17)  is  satisfied,  then  the  pattem- 
effect-free  amplification  of  pulse  trains  of  given  power  P™  can  take  place  up  to  frequencies  of  0.1-lTHz. 

3.  PATTERN-EFFECT-FREE  CROSS-GAIN  MODULATION 


The  cross-gain  modulation  is  described  using  the  propagation  equations  for  the  photon  density  S0  =S0(c,f)  of  a 
controlling  (modulating,  pump)  signal  at  the  frequency  co0 ,  and  the  photon  density  5'1=5'1(z,0  of  a  controlled 
(modulated,  probe)  signal  at  the  frequency  coK ,  propagating  along  the  z-axis  in  the  SOA: 


dS(zJ)  1  dSJzJ)  /  x 

-  - + - - - -  (Smod 

dz  v,  dt 

(/= 0,1)  gmoci/  is  the  modal  gain  for  signal  /.  Eqs.(  18)  are  solved  with  the  boundary  conditions: 

50(c  =  O,Q  =  50,f(O 
Sl{z  =  0,t)  =  S]Ja{t) 

The  functions  S0!ll(t)  and  SUn(t)  in  (19)  depend  on  the  XGM-based  functionality,  given  by  (18)-(19).  For 
demultiplexing,  the  input  controlling  signal  S0Jn(t)  is  a  periodic  clock,  S0in(t  +  Tp)  =  S0in(t) ,  where  Tp  is  the  bit-period; 
and  the  input  controlled  signal  SUn(t)  is  a  data  pulse  train.  For  frequency  conversion,  the  input  controlling  (modulating) 


(18) 


(19) 


signal  S0ilJ(t)  is  a  data  pulse  train,  and  the  input  controlled  (modulated)  signal  5,  .,  is  continuous  wave  (cw),  SijH=  const. 

Note  that  in  the  description  of  XGM  with  the  model  (18)-(19),  we  neglect  four- wave  mixing  between  signals  in  the  SOA. 
That  is  valid,  in  particular,  if  the  controlling  and  controlled  signals  have  orthogonal  polarizations  [16].  For  parallel 
polarizations  of  the  signals,  the  inclusion  of  four-wave  mixing  effects  should  not  modify  our  main  conclusion  concerning 
XGM  without  pattern  effect  in  QD  SOAs.  We  assume  the  difference  between  the  signal  frequencies  coQ  and  cox  is  much 

less  than  the  homogeneous  linewidth  yhom  =2 /T:  (T,  is  the  dephasing  time),  |^0-^l|«  yham.  In  this  case,  one  can 
consider  that  the  modal  gains  coincide  to  each  other,  gmod0  ~  gmo{1]  =  gmod ,  since  photons  of  the  two  signals  interact  with 
the  same  QDs  in  the  inhomogeneously  broadened  QD  ensemble.  We  consider  that  the  pulse  durations,  zp,  in  the  signals 
is  much  longer  than  the  characteristic  relaxation  time  Treh  so  that  Eqs.  (3)-(4)  for  the  modal  gain  are  applicable  where 
5  =  5o  +5|  is  the  total  photon  density. 


In  the  regime  with  maximum  gain  [see  Eq.(10)],  modulation  of  the  gain  is  possible  only  if  the  nonlinear  gain  coefficient 
£  is  nonzero,  and  that  the  gain  is  altered  instantaneously  as  the  photon  density  S  is  varied.  As  a  result,  pattem-effect- 
free  XGM  may  be  achieved  in  a  QD  SOA.  Eqs.(18)  can  be  easily  integrated  with  the  boundary  conditions  of  Eq.(19), 
when  the  gain  is  given  by  Eq.(10).  The  output  photon  densities  are  given  by 
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(20) 


.(,ut  “■  SimALJ)  —  5. ,;„(r)  •  GXCAf  (Ly  r) 

The  SOA  gain  GXgm(L ,  z)  is  given  in  this  case  by 


(21) 

In  Fig.  3  and  4  below,  which  illustrate  the  solution  of  (20)-(21),  we  use  the  following  device  and  material  parameters:  the 
optical  cross-section  of  the  SOA  waveguide  is  taken  as  A,,?  =0.2jumx2jum ;  the  photon  energy  hco  =  leV  ;  the  maximal 

modal  gain  gmax  =  3-10'm1;  the  absorption  coefficient  aabs=5 00m'1;  and  the  nonlinear  gain  coefficient 
€  =  4.3*10“23m3 .  This  value  of  £  was  calculated  from  Eq.(5)  with  r,w  =  lps  and  <Jres  =  1.6  - 10  l9m' ,  and  is  in  accordance 
with  experimental  data  [9]. 


Gvcui^t)  — ' 


■  OC„ 


(  $  max  ^tibs  )  '  ^jjin _ _ 

+  (Grm-l)g^e[s0JST)  +  SUa(TX 


Fig.3.  Gain  modulation  by  a  controlling  pulse  train  with  a  bit- 
rate  of  50  GHz  and  with  different  maximum  input  power 
values  of  P,wa.=5,  10,  30  mW.  The  controlled  data  pulse  train 
with  a  bit-rate  of  200  GHz  is  shown  by  the  thin  solid  line. 


Fig.  4.  Frequency  conversion:  modulation  of  a  signal  at 
wavelength  A,  (dash)  by  a  data  pulse  train  (1101)  at 

wavelength  A0  (solid). 


Fig.  3  shows  the  modulation  of  the  SOA  gain  GXcm  with  a  periodic  pulse  train  used  as  the  controlling  signal.  We  assume 
the  SOA  to  have  length  L=1.84  mm  and  a  linear  gain  of  20  dB.  In  this  calculation,  we  neglect  any  saturation  of  the  SOA 
by  the  controlled  signal,  S„„  -»  0  in  Eq.(21).  The  bit-rate  in  this  controlling  pulse  train  is  50  GHz  (7>20ps),  the  pulse 

duration  is  ~3ps,  the  maximum  power  in  the  input  pulses  is  assumed  as  PmiK  =5  (solid),  10  (dash-dot),  30  mW  (dot).  One 
can  see  strong  saturation  of  the  SOA  gain  due  to  the  modulating  pulses:  during  the  passage  of  the  pulses  the  SOA  gain  is 
decreased  by  a  factor  of  5-20  times  compared  with  the  linear  (unsaturated)  value.  The  depth  of  the  gain  modulation  is 
enhanced  by  increasing  the  power  of  the  controlling  (modulating)  pulses.  This  gain  modulation  can  be  used  to 
demultiplex  data  pulse  trains.  As  example,  in  Fig.3,  if  the  bit-rate  in  the  data  pulse  train  is  200  GHz,  then  pulses  in  the 
data  stream  which  do  not  coincide  in  time  with  the  controlling  pulses  (see  Fig.3),  get  high  amplification.  By  contrast, 
data  pulses  which  overlap  the  controlling  signal  will  experience  a  much  lower  gain. 

Fig.4  demonstrates  the  modulation  of  a  signal  at  wavelength  2,  by  a  data  pulse  train  at  wavelength  A0 .  The  SOA  length 
is  taken  as  L= 2.5  mm,  and  the  linear  gain  as  25  dB.  The  ^ -signal  at  input  is  cw  with  power  O.lrnW;  the  maximum 
power  of  the  modulating  data  pulses  at  input  is  5mW.  It  is  seen  that  almost  complete  modulation  occurs  with  “dips”  in 
the  -signal,  corresponding  to  pulses  in  the  A0  -signal. 


The  condition,  when  the  linear  gain  is  constant,  is  given  again  by  Eq.(  17);  and  in  this  XGM  case,  the  average  power  P"'J 
is  the  average  power  at  SOA  output  including  both  the  averaging  powers  of  modulating  and  modulated  signals  at  SOA 
output. 
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Note  that  similarly  to  PEF  amplification,  this  purely  nonlinear-gain-based,  pattem-effect-free  XGM  can  take  place  also 
up  to  frequencies  of  0.1-1  THz  in  modulating  (saturating)  pulse  trains. 

4.  NONLINEAR  REFRACTIVE  INDEX  AND  CROSS-PHASE  MODULATION 

In  this  section,  we  consider  the  propagation  of  two  pulse  trains  through  a  QD  SOA:  the  pump  (modulating)  train  of 
strong  pulses  with  the  photon  density  SQ(zJ)  and  the  frequency  coo ,  and  the  probe  (modulated)  pulse  train  S{(zJ)  with 
the  frequency  (Ox .  The  interaction  of  the  pump  pulses  with  QD  carriers  leads  to  changes  in  distribution  of  carriers  over 
levels  in  QD  structure  (spectral  hole  burning),  and  the  modal  gain  gmodl  for  the  probe  pulses  becomes  to  be  dependent  on 
the  photon  density  S0  of  the  pump  pulse  train: 

Sm„<ii  =8m^M^o)  =  8lZJn)-{l-e,S0)  (22) 

Similarly,  the  modal  refractive  index  at  the  frequency  co]  of  the  probe  pulses  can  be  written  as 

n,  ='L,+'L,'/o  (23) 

where  I0  =vgfta)0S0  is  the  light  intensity  in  the  pump  pulses.  The  “linear”  refractive  index  rjlinl  depends  on  the  total 
earner  density  n  in  QD  structure  and  the  frequency  co{ :  7]/jnl  =  r/linl(n,col) .  The  “nonlinear”  7/fi/l  refractive  index  depends 
not  only  on  n  and  G)] ,  but  also  on  the  frequency  detuning  A  =  cox-coQ  between  the  pump  and  probe  pulses: 
r/iin  -  rjiin(nyO)x,A) .  Fig.5  shows  an  example  of  the  calculated  dependences  of  the  linear  index  rjm  (dashed  line)  and 
nonlinear  index  rjnl]  (solid  line)  indices  on  the  carrier  density  n.  Dotted  line  in  the  figure  illustrates  behavior  of  the  linear 
gain  g^'ocH  "  &  mod  i  ( ^ )  •  One  can  see  that  similarly  to  the  linear  gain,  the  indices  fast  achieve  their  maximum  or  minimum 
values,  and  then  at  n>nc  they  remain  approximately  constant,  having  reached  complete  population  inversion  of  the 
electron  and  hole  QD  levels.  Thus,  in  the  regime  with  maximum  gain,  which  we  have  considered  above,  the  refractive 
index  (23)  are  changed  instantaneously  with  changing  pump  pulses.  This  implies  an  opportunity  of  pattem-effect-free 
phase  modulation  of  probe  pulses  by  pump  pulses. 

One  can  show  that  in  the  maximum  gain  regime,  the  nonlinear  refractive  7jnll  can  be  estimated  with  the  expression 

n  —  max  £  (^1  ~  ^0  )/hom 

tuo  rL  +  (^  -"o)' 

where  i  =  2^r/^y,  =  2/rc/<y0  is  the  pulse  wavelength;  co  =  co}  ~  o)0;  and  the  nonlinear  gain  coefficient  £  is  given  by 
Eq.(5).  One  sees  from  Eq.(24)  that  ljnn  =0,  if  cox  -  co0 .  Thus,  for  the  ultrafast  phase  modulation,  the  probe  and  pump 
pulses  must  be  detuned  from  each  other  ( cox  ^  co0 ),  and  the  optimal  detuning  is  | co{  -Q)0 1  ~  /hom  .  It  is  worth  to  note  that 
in  QD  SOAs  the  homogeneous  broadening  hybom  ~  10-20meV  [17],  so  the  XPM  bandwidth  (see  below)  |/l,  -/l0|  can 
be  of  order  of  50-100  nm.  Estimation  of  the  nonlinear  refractive  index  at  \co{  -~co0\  -  yhom  from  Eq.(24)  gives 
r/nl]  ~  3  •  10‘16  m:/W  which  is  4  orders  larger  than  the  nonlinear  refractive  index  in  silica  [15]. 


The  nonlinear  refractive  index  7]iin  can  be  used  for  XPM  of  the  probe  pulse  and  for  XPM  based  optical  switching.  The 
nonlinear  phase  shift  AO(i/  of  the  probe  pulse  due  the  change  in  the  refractive  index  excited  by  the  pump  pulse  SQ  is 
given  by 


A  .  2  it  (  _  _  In 


A,, 


(25) 


(see,  for  instance  [15]).  Assuming  the  wavelength  A  =  1 .3,um,  the  nonlinear  refractive  index  ;/ii(l  =  3  ■  10”!6  nr/W  ,  the 
power  P0  =50  mW  in  the  switching  pump  pulse,  the  optical  cross-section  of  the  SOA  waveguide  Awg  =  0.2//mx2//m ,  we 


obtain  from  (25)  the  phase  shift  AOn/]  -  n  for  the  SOA  length  L=10-20mm.  Thus,  using  the  nonlinearity  in  the 
refractive  index  caused  by  SHB  effects,  one  can  realize  effective  XPM  in  QD  SOA,  and  correspondingly,  ultrafast 
optical  switching  in  QD  SOA  based  nonlinear  interferometers.  Since  this  XPM  and  optical  switching  are  accomplished 
in  the  regime  with  maximum  gain,  these  XPM  and  optical  switching  are  free  of  pattern  effect. 
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The  condition  for  realization  of  the  maximum  gain  regime  and  the  pattem-effect-free  XGM  is  given  by  Eq.(17),  where  in 
this  case  P"'J  is  the  average  power  of  the  pump  (modulating)  pulse  train  at  SOA  output. 

Note  that  similarly  to  PEF  amplification  and  XGM,  this  purely  nonlinear-refractive-index-based,  pattem-effect-free 
XPM  can  take  place  up  also  to  frequencies  of  0.1-1  THz. 


Fig.  5.  The  linear  t]IM  (solid)  and  tjnll  (dashed)  nonlinear  refractive  indices  as  functions  of  the  total  carrier  density  /?.  For 
comparison,  dotted  curve  shows  behavior  of  the  modal  gain  with  increasing  /». 

5.  CONCLUSION 

It  has  been  shown  that  in  the  regime  with  maximum  gain,  which  achieved  in  QD  SOAs  at  much  lower  pumps  than  in 
bulk  and  QW  SOAs,  one  can  obtain  amplification  of  pulse  trains  without  pattern  effects.  In  this  regime,  pattem-effect- 
free  XGM  and  XPM  through  gain  and  refractive  index  nonlinearities  due  to  spectral  hole  burning  effects  can  be  realized. 
This  pattem-effect-free  operation  can  take  place  in  QD  SOAs  up  to  frequencies  of  0.1-1  THz.  Operating  in  the  regime 
with  maximum  gain  in  QD  SOAs  offers  the  opportunity  to  develop  new  generation  of  high-speed  devices  for  ultrafast 
optical  processing  and  communications. 
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ABSTRACT 

Quantum-dot  infrared  photodetectors  (QDIPs)  have  been  researched  intensively  because  normal  incidence  ab¬ 
sorption  of  the  quantum  dot  layer  is  possible,  unlike  quantum-well  infrared  photodetectors  (QWIPs)  which 
require  a  grating  coupled  structure  or  an  off-normal  incidence  configuration  to  satisfy  the  polarization  selection 
rules.  In  this  paper,  we  present  a  theoretical  model  for  the  band  structure  of  a  strained  quantum  dot,  modeled 
as  a  quantum  disk,  and  the  intersubband  absorption.  We  first  present  analytical  expressions  for  the  polarization- 
dependent  optical  dipole  moments  and  then  calculate  the  absorption  spectra  for  various  carrier  densities  and 
temperatures.  The  effects  of  carrier  density,  temperature,  and  inhomogeneous  broadening  will  be  discussed. 

Keywords:  Quantum  dots,  intersubband  absorption,  infrared,  photodetectors. 


1.  INTRODUCTION 

Quantum-dot  infrared  photodetectors  (QDIPs)  have  been  widely  investigated  due  to  the  potential  advantages 
of  normal  incidence  detection  and  higher  operating  temperature.1  The  detection  mechanism  in  QDIPs  is  based 
on  intersubband  transitions  in  the  conduction  band,  where  absorption  of  normally  incident  light  is  a  direct 
consequence  of  the  three  dimensional  quantum  confinement  of  carriers  in  a  quantum  dot  (QD).  Normal  incidence 
absorption  does  not  take  place  in  quantum- well  infrared  photodetectors  (QWIPs)  because  of  polarization  selection 
rules.2 

We  discuss  a  simple  method  of  calculating  the  electronic  band  structure  of  a  QD,  modeled  as  a  quantum  disk. 
Our  treatment  is  based  on  the  effective  index  (El)  method  used  in  dielectric  waveguide  theory.3-5  Lamouche  and 
Lepine  used  an  approach  similar  to  El  to  calculate  the  ground  state  energy  in  a  quantum  disk.3  This  method 
leads  to  a  good  approximation  of  the  electronic  levels  and  wave  functions  when  the  confinement  is  large.  We 
then  present  analytical  expressions  for  the  polarization-dependent  optical  dipole  moments,  which  allow  us  to 
determine  the  absorption  spectra  for  various  carrier  densities  and  temperatures. 


2.  THE  MODEL 

Our  treatment  models  the  QD  as  a  small  disk  of  radius  a  and  height  h  surrounded  by  finite  transverse  and 
longitudinal  barriers  (Fig.  1).  The  origin  of  this  system  lies  in  the  center  of  the  disk  and  the  z  axis  is  chosen 
along  the  rotation  axis.  The  potential  inside  the  QD  is  Vd  =  0  and  the  potential  in  the  barrier  is  Vb.  The  effective 
mass  inside  the  dot  (mj)  and  in  the  barrier  ( m*b )  is  assumed  to  be  isotropic.  In  cylindrical  coordinates  ( p,<t>,z ), 
the  Hamiltonian  may  be  written 


H  = 


rr  fiJL  (i  a.)  ,  l  £ 
2m J  [p  dp  \p  dp  J  p'1  do2 

JlL  fil  (lA.\  4.  .ljlL  + 
2 mj  [pdp  \p  dp  J  '  P2  do2 


inside  the  QD 
outside  the  QD 


(1) 


The  wave  function  can  be  obtained  by  solving  the  Schrodinger  equation  under  the  effective  mass  approxima¬ 
tion.  Solutions  take  the  form 


gimo 

'k(r)  =  Rmn(p)-j=<pe(z). 
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Figure  1.  Schematic  representation  of  the  quantum  disk  with  radius  a  and  height  h  (a)  surrounded  by  finite  transverse 
and  longitudinal  barriers  (b). 


where 


Pmn(p)  — 


Jm(pp) 


Jm(pa) 

I\rn(qa) 


Km{qp) 


p  ^  a 
p>  a 


(3) 


and  pe(z)  is  the  well-known  solution  for  the  finite  square  well.  Each  state  is  characterized  by  three  integral 
quantum  numbers  (n,  m,  £)  such  that  n  and  m  correspond  to  the  p-0  (transverse)  dependence  and  £  corresponds 
to  the  z  (longitudinal)  dependence.  Observe  that  'F(r)  has  a  Bessel  function  transverse  dependence  (similar  to 
the  LPmn  mode  of  a  step-index  optical  fiber),  where  Jm(pp)  and  Km(qp)  are  the  Bessel  function  of  the  first  kind 
and  the  modified  Bessel  function  of  the  second  kind,  respectively,  and  a  sinusoidal  longitudinal  dependence. 

The  optical  dipole  moment  for  bound-to-bound  transitions  in  the  conduction  band  is 


Hfi  =  ('P/|er|\t,i) 

—ez  J_°°  z<Pf  .<P(.dz,  rrif  =  mu  nf  =  nu  and  £j  —  £i  =  odd 

— e2^/o°°  P2Rm/nfRm,nidP  ±  ei$f( n°°  P2RmfnfRminidP’  mf  ~  mi  =  ±l  and  (4) 

0,  otherwise 

which  can  be  evaluated  analytically.  The  integral  for  the  longitudinal  dipole  moment  is  given  by 


/>oc 

oo 


<p*(  <pe.dz  =  CefC(. 


(af  +  aj-  2{kf  —  ki) 


hcos[(kf  +  kj)h/2\  __  sin[(fc/  -  kj)h/2\  [  sin[(fr/  +  kj)h/2\ 


2  (kf  +  ki) 


(kf  -  ki)2 


(kf  +  ki)2 


(5) 


where  k  is  the  wave  number  inside  the  QD,  a  is  the  decaying  constant  in  the  barrier,  and  CS(x)  is  defined  as 
cos  x  or  sin  x  when  £  is  odd  or  even,  respectively.  The  integral  for  the  transverse  dipole  moment  is  given  by 


f 


P  RmfnfRmimdp  ~  CmfnfCmini 


F(Pf,Pi,rnf)+  — j—rG{qf,qumf) 

Fmf  w/&)  F  mj  (Qi^) 


where  we  have  made  use  of  the  following  identities: 

_dP(u,x,  m) 


F(u,  u,ra) 
G(u,  u,  m) 


=  T 


dx 

dQ(u,  x ,  m) 


dx 


m  . 

H - P(a,v,m) 

v 

±  —  Q(u,v,m) 
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P(u,v,m)  =  /  Jm(up)Jm(vp)pdp  = 

Jo 


d[uJm~l(uCl)Ji m  (VCI)  vJm— i  (vCl)Jm(uQ.)] 


Q(u ,  vy  m) 


POO 

=  /  A'„ 

J  a 


( up)Km(vp)pdp  = 
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(6) 
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The  polarization-dependent  absorption  coefficient  for  intersubband  transitions  can  be  written  as5 


a(hw) —( — — — -p 

\nrCSoJV% 


|e-Mbn|2(r/2) 


(Eb  —  Ea  -  hoj)2  +  (r/2)- 


'(fa  fb)  i 


(11) 


where  n,.  is  the  average  refractive  index,  V  is  the  QD  volume  (prefactor  of  two  accounts  for  spin  degeneracy),  e  is 
the  unit  vector  indicating  the  polarization  of  incident  radiation,  T  is  the  full  width  at  half  maximum  (FWH1VI), 
and  /  is  the  Fermi-Dirac  distribution  function.  For  simplicity,  we  assume  a  Lorentzian  line  shape  for  both 
homogeneous  and  inhomogeneous  broadening. 


3.  RESULTS  AND  DISCUSSION 

We  now  apply  our  model  to  a  planar  array  of  InAs  QDs  grown  on  a  GaAs  substrate,  assuming  the  parameters  of 
Ref.  6  (m*d  =  0.023 m0,  m*b  =  0.067mo,  Vb  =  513.41  meV)  and  an  areal  density  of  3  x  1010cm-2.  Arrays  of  QDs 
are  typically  grown  under  the  Stranski-Krastanov  growth  mode,  which  leads  to  a  large  variation  in  dot  sizes. 
Inhomogeneous  broadening  caused  by  the  random  size  distribution  is  considerably  larger  than  homogeneous 
broadening. ' 

Consider  a  QD  of  radius  10  nrn  and  height  4  nm  with  four  bound  states  in  the  conduction  band  (Fig. 
2).  There  are  four  distinct  energy  levels  with  three  allowed  transitions:  (1,0,1)— >(l,il,l),  (l,il,l)  >(l,i2,l), 
and  (1, ±1,1)— >(2,0,1);  which  have  optical  dipole  moments  29.8eA(i#  -  x),  36Aek(iy  -  x),  and  -21.0eA(x  +  iy), 
respectively.  All  the  dipole  moments  are  transverse  because  the  QD  is  relatively  flat  and  has  only  one  longitudinal 
bound  state  ((.  =  1).  Transitions  are  either  allowed  or  suppressed  depending  on  the  temperature  and  the  carrier 
density,  since  temperature  decides  the  sharpness  of  the  Fermi-Dirac  distribution  function  and  caniei  density 
dictates  the  average  number  of  electrons  per  dot.  Fig.  3  shows  the  effects  of  these  variables  on  the  normal 
incidence  absorption  coefficient  in  the  absence  of  inhomogeneous  broadening.  The  homogeneous  linewidth  is 
taken  to  be  0.5  meV  at  77  K  and  5  meV  at  300  K.  The  two-dimensional  carrier  densities  required  to  obtain  1,  2, 
3,  and  4  electrons  per  dot  are  3  x  1010cm-2,  6  x  1010cm-2,  9  x  10locm-2,  and  1.2  x  10ucnr2,  respectively.  Among 
these  values,  it  is  clear  that  absorption  is  highest  when  there  are  4  electrons  per  dot.  Then,  (1,0,1)— »(1, ±1,1)  is 
suppressed  while  (1,±1,1)-*(1,±2,1)  and  (1,±1,1)->(2,0,1)  are  allowed.  The  peak  absorption  coefficients  at  77 
and  300  I<  are  5.2  x  105  and  4.3  x  104  cm-1,  respectively. 

In  a  large  ensemble  of  QDs  grown  under  the  Stranski-Krastanov  growth  mode,  inhomogeneous  broadening 
is  dominant.  The  absorption  spectra  shown  in  Fig.  4  account  for  homogeneous  and  inhomogenous  broadening, 
where  the  inhomogenous  linewidth  is  temperature  independent  and  assumed  to  be  30  meV.  These  spectra  are 
much  broader  than  those  in  Fig.  3  and  the  linewidth  does  not  change  much  with  temperatiue.  This  effect  also 
results  in  a  significant  reduction  in  peak  absorption  coefficient,  which  falls  to  8700  and  6400  cm-1  at  77  and  300 
K,  respectively. 


v[p,<b,z] 


513 .4  meV 


’494.3  meV  {2,  0,  1} 

443 .6  meV  {1,±2,  1} 

326 . 9  meV  {1,±1,  1} 

238.6  meV  {1,  0,  1} 


Figure  2.  Electronic  levels  in  the  conduction  band  of  an  InAs  QD  with  radius  10  nm  and  height  4  nm,  grown  on  a  GaAs 
substrate. 
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Figure  3.  Homogeneously  broadened  absorption  coefficient  at  (a)  77  K  and  (b)  300  K  for  a  planar  array  of  InAs  QDs 
grown  on  a  GaAs  substrate  with  1,  2,  3,  and  4  electrons  per  dot.  The  dots  have  radius  10  nm  and  height  4  nm  and  an 
areal  density  of  3  x  1010cm”2. 


Figure  4.  Inhomogeneously  broadened  absorption  coefficient  at  (a)  77  K  and  (b)  300  K  for  a  planar  array  of  InAs  QDs 
grown  on  a  GaAs  substrate  with  1,  2,  3,  and  4  electrons  per  dot.  The  dots  have  radius  10  nm  and  height  4  nm  and  an 
areal  density  of  3  x  10locm-2. 
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4.  CONCLUSION 

We  have  presented  a  theoretical  model  for  the  band  structure  of  a  QD  that  allows  us  to  obtain  analytical 
expressions  for  the  polarization-dependent  optical  dipole  moment.  We  calculated  absorption  spectra  for  several 
carrier  densities  at  77  and  300  K,  and  discussed  the  effects  of  these  variables  on  the  shape  and  magnitude 
of  the  absorption  spectrum.  Our  results  show  the  suppression  and  enhancement  of  allowed  transitions  as  the 
carrier  density  within  the  QDs  changes,  as  well  as  the  effects  of  inhomogeneous  broadening  on  the  intersubband 
absorption  coefficient.  Research  on  comparing  our  theoretical  results  with  experimental  data  is  in  progress,  using 
Fourier  Transform  Infrared  (FTIR)  Spectroscopy  and  InAs/InP  QDs. 
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ABSTRACT 

We  study  the  linear  intersubband  absorption  spectra  of  a  15  nm  In  As  quantum  well  using  the  intersubband 
semiconductor  Bloch  equations  with  a  three-subband  model  and  a  constant  dephasing  rate.  We  demonstrate 
the  evolution  of  intersubband  absorption  spectral  line  shape  as  a  function  of  temperature  and  electron  density. 
Through  a  detailed  examination  of  various  contributions,  such  as  the  phase  space  filling  effects,  the  Coulomb 
many-body  effects  and  the  nonparabolicity  effect,  we  illuminate  the  underlying  physics  that  shapes  the  spectra. 

Keywords:  Intersubband  transition,  linear  absorption,  semiconductor  heterostructure,  InAs  quantum  well 

1.  INTRODUCTION 

Intersubband  optical  phenomena  attract  great  attention  for  their  applications  in  communications,  sensing,  imag¬ 
ing,  and  “finger  printing”  molecules  in  the  infrared  regime.1-3  The  advantages  of  an  intersubband  transition 
(ISBT)-based  device  include  bandgap- independent  design  rules,  large  dipole  matrix  elements  and  ultrafast  dy¬ 
namic  response.4-7  Particularly,  antimonide-based  quantum  well  (QW)  heterostructures,  such  as  InAs/AlSb 
with  a  conduction  band  offset  as  deep  as  2  eV,  provide  attractive  design  flexibilities. 

We  have  investigated  effects  of  bandstructure,  Coulomb  interaction,  electron-longitudinal  optical  (LO)  phonon 
interaction,  and  other  material- related  issues  on  ISBTs  within  a  two-subband  model.8-11  The  analysis  is  based 
on  density  matrix  formalism.  In  this  paper,  linear  intersubband  absorption  spectra  in  a  15  nm  InAs  quantum 
well  are  studied  in  the  same  framework — the  intersubband  semiconductor  Bloch  equations  approach — but  under 
a  three-subband  model  and  dephasing  rate  approximation.  We  demonstrate  the  evolution  of  intersubband 
absorption  line  shape  as  temperature  and  carrier  density  are  changed.  Through  a  detailed  examination  of 
various  contributions,  such  as  phase  space  filling  effects  and  Coulomb  interaction- induced  many-body  effects,  we 
elucidate  the  underlying  physics  that  shapes  the  spectra. 

Theoretical  treatment  of  intersubband  transitions  typically  involves  two  steps.  The  first  step  is  to  compute 
the  bandstructure,  while  the  second  step  is  to  formulate  light- semiconductor  interaction  on  the  basis  of  this 
obtained  bandstructure.  The  first  step  is  sometimes  called  determination  of  the  ground  state,  while  the  second 
step  treats  the  excitations  of  the  system  by  external  light  field.  In  the  present  model  study,  we  model  the  band- 
structure  with  different  effective  masses  for  the  three  parabolic  subbands,  whereas  the  density  matrix  theory12- 13 
is  adopted  to  treat  the  light-semiconductor  heterostructure  interaction.  By  explicitly  formulating  the  two-point 
correlation  functions,  such  as  the  intersubband  polarization,  the  set  of  the  so-called  intersubband  semiconductor 
Bloch  equations  (iSBEs)  is  derived.  Within  this  approach,  it  is  known  that  the  exchange  interaction  leads  to 
a  self-energy  renormalization  (exchange  self-energy,  or  XSE)  to  the  single  particle  energy  and  a  nonlocal  ver¬ 
tex  (excitonlike  in  the  case  of  interband  transitions)  term  that  couples  the  other  intersubband  polarizations  to 
each  individual  /c-transition,  whereas  the  direct  (Hartree)  interaction  contributes  the  so-called  depolarization 
field  term  that  describes  the  dynamic  screening  of  the  charge  carriers  to  the  external  exciting  field,  which  is  of 
collective  nature  and  modifies  the  local  field  that  each  individual  carrier  feels.  This  paper  examines  in  detail  the 
case  of  a  15  nm  InAs  quantum  well  within  a  three-subband  model  and  illustrates  how  different  contributions 
help  shape  the  ISBTs  as  a  function  of  temperature  and  carrier  density. 
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This  paper  is  organized  as  follows:  In  the  second  section,  we  summarize  our  theoretical  considerations  with 
a  minimum  set  of  equations;  we  present  simulated  ISBT  spectra  for  the  InAs  quantum  well  in  Sec.  3;  and  then 
we  conclude  the  paper  with  a  summary. 


2.  THEORETICAL  CONSIDERATIONS 

As  mentioned  above,  the  microscopic  theory  consists  of  two  steps:  the  static  description  of  the  subband  disper¬ 
sions  and  kinetic  description  for  the  intersubband  optical  transitions.  We  describe  the  energy  dispersions  in  an 
approximate  manner  in  this  work,  or  more  specifically,  different  effective  masses  are  used  for  the  three  subbands. 
The  focus  of  our  work  is  on  the  kinetic  description  of  the  ISBTs. 

To  treat  the  light-semiconductor  heterostructure  interaction,  we  consider  the  following  expectation  values 
of  the  bilinear  combination  of  creation  (c|lfc)  and  annihilation  (cnk)  operators  among  the  same  k  (the  in-plane 
electron  wavevector)  states  within  a  three-subband  model  (subband  labeled  by  index  n  =  1, 2, 3):  ground  subband 
population  fik  =  (c\kci &),  lower  excited  subband  population  fok  =  ( 4fcc2fc ),  upper  excited  subband  population 
/3*.  =  (c\kcsk)}  intersubband  polarization  p12(k)  =  ( c\kcok )  between  subband  1  and  2,  p23(fc)  =  (c\kcsk)  between 
subband  2  and  3,  p13(fc)  =  (c[kcsk)  between  subband  1  and  3,  and  their  corresponding  Hermitian  conjugates. 
Following  the  quantum  kinetic  approach,  the  semiclassical  kinetic  equations  for  the  above  dynamic  variables  are 
derived  as  a  limiting  case.13  The  derivation  is  extensive  and  will  not  be  given  here.  Under  linearization  with 
respect  to  the  incident  light  field  amplitude,  some  plausible  assumptions,  and  the  rotating  wave  appioximation, 
the  resultant  equations  for  intersubband  polarizations  are  found  as  follows: 

[h  (u>  +  h’D  -  (?nk  ~  ffmfc)]  Pkn  =  (dTl  ■  E0  +  ST)  (f ink  ~  Ink)  -  £  /**+«  K^Pf  ~  ^Pfc)  ,  (1) 

j,q 

where  u>  is  the  angular  frequency  of  the  incident  light  of  amplitude  E0,  7 is  the  dephasing  rate,  d%n  is  the 
dipole  matrix  element,  and  l  ^  m,  l  ^  n.  fmk  is  taken  as  the  Fermi  distribution  function  in  the  linear  absoiption 
calculation  and  p£*n  is  the  amplitude  of  the  intersubband  polarization  pmn(k).  The  renormalized  single  particle 
energy  (£mfe)  by  the  Coulomb  self-energy  and  the  local  field  correction  term  (snkln)  are,  respectively,  given  by 


£  mk 

c.mn 


-  E  vrnlPk+<,+  E  vo3lmp,(i- 

j^l-q  j&'q 


(2) 

(3) 


The  local  field  correction  consists  of  a  Fock  (first)  term  that  gives  rise  to  a  type  of  collective  excitation  called 
repellon  and  a  Hartree  (second)  term  that  stimulates  another  type  of  collective  excitation  called  the  intersubband 
plasmons  (ISPs).10- 14  We  mention  that  the  first  term  is  responsible  for  the  Fermi-edge  singularity  effect,  whereas 
the  second  term  leads  to  the  depolarization  effect,  as  described  in  detail  in  our  earlier  work.  Their  effects  have 
been  known  from  previous  studies  and  play  the  same  roles  as  well  within  the  present  three-subband  model.  The 
Coulomb  matrix  elements  (V"jmhs)  are  defined  as  in  Ref.  9.  The  static  single  plasmon-pole  approximation12 
has  been  used  for  screening  the  exchange  interaction  by  the  intrasubband  processes  in  the  present  work.  The 
iSBEs  are  solved  numerically  by  a  matrix  inversion  for  the  intersubband  polarization  functions.  We  note  that 
the  last  term  in  Eq.  (1)  is  unimportant  in  this  work. 

The  linear  absorption  coefficient  is  defined  by 


cv(u,’) 


u) 

s-o  n(u})c 


Im{f(w)} 


u) 

n{ut)c 


(4) 


with  n(ui)  being  the  background  index  of  refraction  (slowly  varying  in  frequency),  e(u>)  the  dielectric  function, 
and  c  the  speed  of  light  in  vacuo.  The  susceptibility,  \(w),  is  given  by 

X(w)  =  P/soEo  ,  (5) 
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(6) 


p=2s/[(2tt)2v]^  dk{dryPr . 

where  P  is  the  total  intersubband  polarization,  So  is  the  electric  constant,  S  is  the  QW  area,  and  V  is  the  QW 
volume.  V  =  IF S',  and  W  is  the  QW  thickness.  Finally,  the  absorbance  of  the  semiconductor  heterostructure  is 
given  by  2Wa(u)  (per  bounce  at  TM  polarization). 

3.  NUMERICAL  RESULTS 

Table  I  lists  the  bandstructure- related  parameter  values  that  were  used  in  the  numerical  simulation.  All  the  values 
were  obtained  using  a  spurious-state-free  8-band  kp  Hamiltonian  under  the  envelope  function  approximation,9* 15 
with  the  exception  of  the  depolarization  factors;  their  values  are  the  quantum  box  results  of  the  same  QW 
thickness.  The  calculated  subband  populations  are  presented  in  Table  II,  which  help  understand  the  simulated 
spectra,  as  shown  later. 


Table  I.  Parameters  used  in  simulations 


subband  effective  mass 

mi  (me) 

0.0336  (1) 

0.049  (2) 

0.0715  (3) 

subband  separation 

Eij  (meV) 

131.065  (12) 

150.92  (23) 

281.985  (13) 

dipole  matrix  element 

d^  (e-A) 

30.0  (12) 

35.0  (23) 

0.0  (13) 

depolarization  factor 

Djlmn  (W) 

0.1222  (1122) 

0.1146  (2233) 

0.0343  (1133)  0.1101  (1232) 

me:  free  electron  mass;  e:  absolute  electron  charge.  Numbers  in  parenthesis  behind  entry  values  indicate 
subband  indices.  See  Ref.  14  for  the  definition  of  the  depolarization  factor. 


The  effective  masses  were  found  after  a  least  square  fitting  to  the  k  p  subbands;  the  subband  separation  is  the 
energy  difference  at  the  F  point  (k  =  0)  between  the  k  p  subbands;  the  dipole  matrix  elements  are  found  to  be 
weakly  dependent  on  the  wave  vector  so  that  their  values  at  the  F  point  were  used  in  the  simulation.  We  mention 
that  the  depolarization  factor  is  a  measure  of  the  contributing  strength  of  the  Hartree  term  to  the  local  field , 
which  in  turn  determines  the  strength  of  the  ISPs.10*14  Note  that  a  value  of  the  order  of  0.1,  in  the  unit  of  the 
QW  thickness  (W),  means  a  rather  strong  depolarization  effect;  the  total  strength  of  the  depolarization  effect  is 
proportional  to  the  product  of  the  QW  thickness  and  the  density  difference  between  the  subbands.  Furthermore, 
coherent  Coulomb  effects  due  to  the  coupling  of  ISPs  associated  with  individual  ISBTs  are  important,  and  the 
results  will  be  presented  elsewhere. 


Table  II.  Calculated  subband  populations 


electron  density  (1012  cm  2) 

temperature  (K) 

rt\ 

no 

n* 

1.00 

12 

1.00 

0.00 

0.00 

80 

1.00 

2.41  xlO"5 

1.09xl0-14 

300 

9.58xl0-1 

4.16xl0“2 

1.84xlO-J 

2.50 

12 

2.11 

3.92X1CT1 

0.00 

80 

2.10 

3.95x  10-1 

9.91xl(T10 

300 

2.00 

4.96x  10-1 

3.49  xlO-3 

5.00 

12 

3.13 

1.87 

0.00 

80 

3.13 

1.87 

3.77xl0~5 

300 

3.09 

1.84 

6.78X10-2 

7.50 

12 

4.06 

3.23 

2-lOxlO-1 

80 

4.04 

3.21 

2.49xl0_1 

300 

3.93 

3.06 

5-lOxlO-1 

ny.  Electron  density  in  Subband  i. 


Shown  in  Fig.  1  are  the  energy  dispersions  of  the  three  conduction  subbands  (left  panel)  considered  and  the 
single-particle  absorption  spectrum  (right  panel)  of  the  15  nm  InAs  QW.  Owing  to  a  nonparabolicity  in  the 
bulk  InAs  conduction  band,  dispersions  for  the  three  subbands  are  different  so  that  the  subband  separations 
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are  fc-dependent.  The  rather  strong  nonparabolicity  of  InAs  leads  to  a  large  value  range  of  the  intersubband 
separation.  In  a  single-particle  picture,  this  introduces  an  inhomogeneous  broadening  and  an  accompanying  low 
frequency  tailing  to  the  absorption  spectrum.  All  these  are  reflected  in  the  figure.  Note  that  we  did  not  consider 
the  temperature  dependence  of  the  subband  strucuture  in  this  model  study.  As  a  comparison,  we  also  show  in 
the  figure  the  case  of  a  vanishing  nonparabolicity  (dashed  curves  with  upward  arrows):  The  spectrum  consists 
of  sharp  resonances  without  any  inhomogeneous  broadening. 


Figure  1.  Schematic  of  subband  dispersions  (left  panel)  and  single-particle  intersubband  absorption  spectrum  for  a  15  nm 
InAs  quantum  well.  The  decreasing  intersubband  separation  with  increasing  k  represents  the  result  of  a  nonparabolicity 
in  InAs  conduction  band,  which  is  consequently  reflected  by  the  broadened  absorption  spectrum. 

Next,  we  study  the  effects  of  Coulomb  many-body  and  collective  effects.  We  first  show  how  the  absorbance 
changes  as  a  function  of  temperature  at  different  electron  densities  in  Fig.  2.  Since  the  two-subband  lesults  have 
been  understood  rather  well,10- 14  we  thus  emphasize  density  range  where  a  three-subband  model  is  warranted, 
that  is  when  the  lower  excited  subband  2  starts  to  be  populated.  We  have  chosen  four  densities,  as  denoted 
in  the  figures  as  well  as  in  Table  II.  At  the  lowest  one,  the  second  subband  is  only  thermally  populated  at 
300  K,  as  witnessed  by  the  appearance  of  the  weak  resonance  from  the  lower  excited  subband  2  to  the  upper 
excited  subband  3  (2— >3)  near  150  meV.  Otherwise,  only  a  single,  inhomogeneously  broadened  resonance  (1— >2) 
is  present.  Expectedly,  it  is  further  weakened  and  broadened  thermally,  as  electrons  increasingly  populate  higher 
energy  states  that  have  smaller  transition  energies,  as  displayed  in  Fig.  1.  Increase  in  electron  density  strengthens 
resonance  2-*3  because  the  amplitude  of  the  resonance  is  roughly  proportional  to  the  density  difference  of  the 
two  subbands,  vio  —  ??•■$.  This  dependence  on  the  density  difference  also  provides  an  explanation  foi  the  reduction 
in  resonance  strength  as  temperature  rises  at  all  the  four  densities,  which  tends  to  deminish  the  difference.  This 
is  a  phase  space  filling  effect.  Its  another  manifestation  is  seen  in  the  red  shift  of  resonance  l->2— more  distinctly 
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in  Fig.  3 — as  a  function  of  density.  On  the  other  hand,  note  that  at  a  certain  density,  e.g .,  5x  1012  chi'"2  in  Fig.  2, 
resonance  2— >3  is  temperature  insensitive.  As  we  understand  it  now,  ISBT  is  a  collective  phenomenon  associated 
with  the  intersubband  plasmon  under  normal  circumstances,  which  could  be  a  robust  response,  depending  upon 
how  strong  the  plasmon  couples  to  the  decay  channels,  possibly  through  Landau  damping  as  argued  by  Warburton 
et  a/.16  It  is  worth  mentioning  that  in  this  model  study,  we  have  set  the  dephasing  rate  to  1  meV  and  no 
particular  dephasing  physics  is  considered.  Furthermore,  temperature  dependence  of  ISBTs  is  a  strong  function 
of  nonpar abolicity,  as  shown  later  in  Fig.  4. 
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Figure  2.  Absorbance  dependence  on  temperature  at  different  electron  densities.  At  low  density,  only  the  ground  subband 
1  is  occupied  and  thus  only  single  resonance  (1^2)  is  observed  at  low  temperature.  Thermal  population  of  the  lowere 
excited  subband  2  (see  Table  II)  is  revealed  by  the  presence  of  a  second  resonance  (2-^3).  This  resonance  grows  as  density 
increases.  Accordingly,  the  first  resonance  is  weakened  and  redshifted,  as  a  consequence  of  phase  space  filling.  Note  that 
at  certain  density,  e.g .,  5xl012  cm-2,  the  second  resonance  is  temperature  insensitive. 

The  same  results  as  in  Fig.  2  are  further  presented  as  a  function  of  electron  density  at  different  temperatures 
in  Fig.  3  to  illustrate  all  the  effects  from  a  different  perspective.  The  phase  space  filling  effects  are  more  directly 
demonstrated  in  this  case.  First,  at  this  particular  QW  thickness  (15  nm),  the  first  resonance  line  shape  at 
the  lowest  chosen  density  of  lxlO12  cm”2  is  single-particle-like,  or  a  spectrum  reflecting  the  constant  2D  joint 
density  of  states  as  a  result  of  the  interplay  of  collective  excitations.10  Increase  in  electron  density  has  two 
consequences:  starting  populating  the  higher  subband(s)  and  thus  redistributing  the  oscillator  strengths.  As 
seen  from  resonance  1— >2,  a  larger  density  broadens  its  line  shape  further,  collects  the  oscillator  strength  in 
favor  of  the  high-frequency  side,  and  reclshifts  the  spectrum.  All  these  are  indications  that  the  ISPs  play  a 
more  dominant  role  in  the  interplay,  which  is  expected  for  higher  density  cases.  Then  the  resonance  is  gradually 
diminished  as  further  increase  in  electron  density  actually  decreases  the  density  difference  of  the  two  subbands, 
ni  —  no.  As  a  result,  more  redshift  of  the  spectrum  is  observed.  On  the  other  hand,  resonance  2—>3  starts  to 
appear  below  a  density  of  2xl012  cm"2  and  takes  a  symmetric  line  shape  at  low  temperature.  This  is  changed 
as  either  the  temperature  or  the  density  increases,  as  seen  in  the  figure.  Within  the  present  three-subband 
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model,  further  increase  in  electron  density  first  blueshifts  the  spectrum  before  the  upper  subband  begins  to  be 
populated,  because  the  self-energy  renormalization  of  the  populated  subband  increases  the  effective  inter  subband 
separation— similar  to  the  two-subband  model  results.10  However,  as  expected,  continuing  increasing  the  electron 
density  will  start  to  populate  the  upper  subband  3  (see  Table  II).  Then,  the  oscillator  strength  will  eventually 
decrease  and  the  spectrum  will  redshift,  just  like  resonance  1—2.  Ultimately,  we  need  to  consider  resonance(s) 
from  subband  3  to  even  higher  one(s).  Note  that,  we  have  not  explicitly  presented  simulation  results  for  resonance 
1 — ,.3^  which  lies  at  higher  energy  that  is  beyond  the  scope  of  our  interested  spectral  range,  but  its  physics  is 
fundamentally  the  same  as  what  we  have  discussed  with  regard  to  the  other  two  resonances. 
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Figure  3.  Same  absorbance  data  as  in  Fig.  2,  but  presented  at  different  electron  densities  for  a  given  temperature  in  each 
panel.  Clear  lv  seen  is  the  phase  space  filling  effects:  Occupancy  of  the  lower  excited  sub  band  2  introducing  the  second 
resonance  (2-^3)  and  adding  to  its  oscillator  strength  as  density  increases;  the  enhancement  of  the  plasmon  peak  at  low 
temperature  (12  K);  redshifting  both  resonances  as  lower  k  states  are  occupied.  Note  the^anomalous  decrease  at  300  K 
of  the  second  resonance — a  reflection  of  the  robustness  of  the  plasmon  excitation  at  5x10  “  cm  ",  as  discussed  earliei. 

What  has  not  been  touched  upon  till  now  is  the  nonparabolicity  effect,  and  this  is  the  focus  of  Fig.  4.  To 
demonstrate  that,  we  choose  an  extreme  case,  that  is  to  set  the  effective  mass  (m3)  of  the  upper  excited  subband 
equal  to  that  (m2)  of  the  lower  excited  subband.  In  other  words,  there  is  no  nonparabolicity  effect,  to  the  lowest 
order,  for  resonance  2— >3.  Furthermore,  the  intersubband  separation  Ex\  is  set  to  173  meV,  which  bears  no 
particular  meaning  other  than  to  avoid  the  subject  of  the  coupling  of  intersubband  plasmons,  which  is  the  topic 
of  a  future  paper.  Not  surprisingly,  resonance  1— >2  behaves  as  what  have  been  shown  previously.  Furthermore, 
as  expected,  we  observe  narrow  and  symmetric  Lorentzian  line  shape  for  resonance  2-^3.  Two  features  are  worth 
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noting:  (i)  an  anomalous  temperature  dependence  of  the  resonance  at  2xl012  cm"2  and  (ii)  the  temperature 
insensitivity  of  this  resonance  at  higher  density.  On  the  first  feature,  the  resonance  is  strongly  enhanced  when 
temperature  rises.  This  turns  out  to  be  a  manifestation  of  the  phase  space  Riling  effects:  At  low  temperature,  the 
second  subband  is  populated  with  a  rather  small  electron  density.  As  the  temperature  increases,  more  electrons 
are  thermally  excited  from  the  ground  subband  into  the  second  one.  As  a  result  of  this,  the  number  of  electrons 
available  for  absorbing  incident  photons  at  resonance  2^3  increases  as  well.  Thanks  to  zero  nonparabolicity, 
the  temperature  rise  does  not  broaden  the  line  shape,  in  contrast  to  a  large  nonparabolicity  case  as  discussed 
already.  Therefore,  the  anomalous  temperature  dependence  of  the  resonance  at  the  density  of  2xl012  cm-2  is 
observed.  Following  the  same  line  of  thinking,  the  second  feature  of  temperature  insensitivity  at  higher  density  is 
easily  understood.  That  is  to  say,  under  normal  circumstances,  the  ISBTs  are  robust  if  without  nonparabolicity. 
In  this  sense,  temperature  insensitivity  of  an  ISBT  in  a  material  with  large  nonparabolicity  is  accidental,  as 
shown  in  Figs.  2~3.  Finally,  the  blueshift  of  the  resonance  with  increase  in  electron  density  reflects  an  effect  of 
the  Hartree  contribution  in  Eq.  (3).  It  is  often  called  the  depolarization  shift  in  literature1'*18  as,  in  the  present 
case  of  zero  nonparabolicity,  it  acts  similar  to  a  depolarization  field. 
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Figure  4.  Absorbance  evolution  similar  to  Fig.  2,  but  depicting  the  nonparabolicity  effect  as  the  effective  mass  of  the 
upper  excited  subband  was  set  to  equal  that  of  the  lower  excited  subband.  The  intersubband  separation  Eos  is  set  to 
173  meV.  Two  features  are  worth  noting  regarding  the  second  resonance:  (i)  anomalous  temperature  dependence  at 
2xl012  cm-2  and  (ii)  its  temperature  insensitivity  at  higher  density. 


4.  SUMMARY 

In  conclusion,  we  present  a  microscopic  theoretical  approach  to  intersubband  optical  resonances,  similar  to  the 
semiconductor  Bloch  equations  approach  to  interband  transitions.  This  approach  is  applied  to  a  15  nm  InAs 
quantum  well  case  that  is  representative  of  materials  with  large  conduction  band  nonparabolicity.  The  evolution 
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of  intersubband  resonances  as  a  function  of  the  temperature  ancl  the  electron  density  is  presented  and  discussed 
in  detail.  We  demonstrate  the  importance  of  the  phase  space  filling  effects  and  Coulomb  many-body  effects  in 
understanding  the  underlying  physics  of  intersubband  resonances.  Finally,  we  show  that  the  nonparabolicity 
effect  is  instrumental  in  shaping  the  spectra  of  intersubband  resonances. 
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ABSTRACT 

We  designed  and  fabricated  some  components  and  devices  by  using  Si  photonic  wire  waveguides  on  SOI  substrate.  Be¬ 
cause  of  the  very  high  index  contrast  between  the  core  and  claddings,  the  waveguide  allows  a  p-bend.  We  applied  this 
bend  to  form  a  p-branch  and  p-intersection,  which  exhibited  a  low  of  less  than  0.3  dB  in  the  experiment.  The  H-tree 
optical  signal  distribution  circuit,  the  Mach-Zehnder  interferometer,  and  the  arrayed  waveguide  grating  demultiplexer 
were  demonstrated  by  this  waveguide,  for  the  first  time.  Although  a  more  careful  design  and  precise  fabrication  tech¬ 
nologies  are  necessary  for  future  high  performance,  this  waveguide  is  expected  to  miniaturize  any  kind  of  conventional 
silica  based  devices  by  a  factor  over  10000  and  realize  more  sophisticate  functions  by  the  dense  integration  of  devices. 

Keywords:  photonic  wire,  silicon  photonics.  SOI.  optical  waveguide,  PLC,  integrated  optics 

1.  INTRODUCTION 

The  conventional  optical  circuit  based  on  silica  waveguides  occupies  1-100  cm2  area  because  of  large  bends  of  mm-  to 
cm-order  radius.  A  compact  waveguide  with  micro-bends  (p-bends)  will  allow  flexible  optical  wirings  and  reduce  the 
size  of  the  optical  circuit  to  less  than  1  mm2.  Such  a  p-bend  requires  a  waveguide  with  the  strong  optical  confinement. 
An  ultra-high  A  waveguide  is  suitable  for  this  purpose,  where  A  is  the  relative  refractive  index  difference  defined  as 
0?i2  -  n22)/2ti\2  for  core  index  wj  and  cladding  index  n2. 

The  commercially  available  silicon-on-insulator  (SOI)  substrate  is  usable  for  such  a  high- A  waveguide  [1-7].  The  Si  slab 
processed  into  the  submicron  size  rectangular  channel  is  used  as  a  core  and  the  Si02  layer  is  used  as  a  cladding  in  the 
transparent  wavelength  range  of  1.3  -  1.6  pm.  Such  a  waveguide  is  sometimes  called  photonic  wire.  The  SOI  wafer  is 
also  used  for  electronic  circuits,  so  it  is  expected  to  be  a  platform  of  functional  optoelectronic  circuits.  In  our  previous 
study,  we  fabricated  the  photonic  wire  waveguide,  and  demonstrated  the  singlemode  propagation  at  a  wavelength  X  of 
1.55  pm  and  a  low  loss  p-bend  with  a  radius  less  than  3  pm  [2]. 

In  this  paper,  we  review  other  two  p-components.  i.e.  a  branch  and  an  intersection,  which  will  be  widely  used  in  dense 
optical  circuits.  We  propose  and  demonstrate  the  bend- waveguide-type  branch  [3]  and  the  elliptical  intersection  [4], 
which  simultaneously  realize  the  compactness  and  low  loss.  As  applications  of  the  branch,  we  show  the  series  connec¬ 
tion  of  branches,  an  H-tree  optical  distribution  signal  circuit  [5],  and  a  simple  Mach-Zehnder  interferometer  (MZI)  [6]. 
Finally,  we  demonstrate  an  arrayed-waveguide-grating  filter  (AWG)  [6]  whose  size  is  200  -  250000  times  smaller  than 
conventional  ones. 


2.  ANALYSIS,  DESIGN  AND  FABRICATION 

In  this  study,  the  3 -dimensional  (3-D)  finite- difference  time-domain  (FDTD)  analysis  was  frequently  used  for  the  design 
of  the  waveguide  and  devices.  Most  calculations  assumed  A  =  1.55  pm,  the  polarization  having  the  (major)  electric  field 
component  parallel  to  the  2-D  plane  (TE-like  polarization),  and  Si  (refractive  index  n  -  3.45)  and  Si02  (n  =  1.44)  layers 
of  0.32  pm  and  1.0  pm  thickness,  respectively.  The  air  above  the  Si  core  and  Si  substrate  below  the  Si02  layer  were  also 
included  in  the  analysis.  One  side  of  the  cubic  Yee  cell  Ay  was  40  nm,  and  the  time  step  is  0.06  fs.  Figure  1  shows  cal¬ 
culated  dispersion  characteristics.  The  single  mode  condition  is  satisfied  for  a  waveguide  width  w  of  <  0.5  pm  in  the 
SOI-type  and  w  <  0.38  pm  in  the  airbridge-type.  As  first  indicated  in  [2],  the  large  structural  dispersion  can  provide  a 
group  index  of  typically  4.5  -  5.0,  which  is  higher  than  the  index  of  the  core  material. 
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Fig.  1  Dispersion  curves  of  Oth  and  1st  order  modes  as  a  function  of  waveguide  width  w.  (a) 
SOI-type  waveguide,  which  were  calculated  by  3-D  FDTD  method,  (b)  Air-bridge-type 
waveguide.  The"  solid  curves  and  plots  were  calculated  by  equivalent  index  method  and  3-D 
FDTD  method  with  the  periodic  boundary  condition,  respectively. 


In  overall  experiments  in  this  paper,  a  unibond-type  SOI  substrate  was  used, 
which  has  Si  and  Si02  layers  with  thicknesses  assumed  in  the  calculation.  In 
the  fabrication  process,  the  waveguide  pattern  was  formed  into  a  positive  resist 
ZEP520  (Zeon  Coip.)  by  electron  beam  lithography.  The  pattern  was  trans¬ 
ferred  to  Ni  or  Cr  mask  by  the  lift-off  technique.  Then,  the  Si  layer  and  partly 

5101  layer  were  etched  down  by  CF4/Xe  inductively  coupled  plasma  etching. 
The  typical  sidewall  angle  was  85  -  90°.  The  structure  formed  in  this  way  was 
directly  used  as  an  SOI-type  waveguide.  But  for  the  demonstration  of  a  small 
intersection,  we  fabricated  an  air-bridge-type  waveguide  as  well.  Here,  the 

5102  layer  beneath  the  core  was  removed  by  HF.  For  all  the  waveguides,  the 
input  end  facet  was  formed  by  cleavage.  The  output  end  was  also  formed  by 
cleavage  or  terminated  in  the  drawn  pattern  on  the  substrate.  In  the  measure¬ 
ment.  laser  light  from  a  tunable  source  was  polarization-controlled  to  TE  or 
TM.  focused  to  1  pm  spot  diameter  by  a  couple  of  objective  lenses,  and  di¬ 
rectly  inserted  into  the  input  end  facet.  The  light  output  was  observed  from  the 
top  and  the  side  using  vidicon  camera  with  a  lens  system,  and  measured  in 
both  directions  by  optical  power  meters.  Light  intensity  detected  from  the  top 
was  sufficiently  strong,  because  the  radiation  pattern  of  light  output  from  such 
a  small  waveguide  has  a  very  wide  solid  angle  over  2k.  Figure  2  shows  the 
scanning  electron  micrograph  (SEM)  of  fabricated  waveguide  and  the  near 
field  pattern  (NFP)  of  light  output  observed  from  the  side.  As  seen  in  the  NFP, 
clear  single  lobe  mode  profile  is  observed.  The  propagation  loss  was  measured 
by  comparing  the  light  output  for  waveguides  with  various  lengths.  The  result 
has  some  fluctuations  in  different  process  cycles.  The  typical  value  is  10 
dB/mm  and  the  best  one  is  2  -  3  dB/mm  for  both  polarizations.  The  origin  of 
the  loss  is  considered  to  be  the  light  scattering  by  the  roughness  of  processed 
sidewalls. 


(b) 


Fig.  2  Scanning  electron  microscope 
(SEM)  view  of  fabricated  wave¬ 
guide,  and  NFP  of  light  output. 
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3.  BEND- WAVEGUIDE-TYPE  BRANCH 


The  branch  or  splitter  is  used  for  many  devices  such  as  an  optical  signal  distribution  device  and  an  MZI.  In  silica-based 
devices,  the  input  waveguide  is  divided  into  two  by  a  very  slow  taper.  This  is  the  reason  that  the  branch  becomes  a  long 
component.  However,  only  such  a  taper  cannot  suppress  the  excess  loss.  For  the  loss  reduction,  another  modification  of 
the  structure  is  necessary  for  the  control  of  wavefronts  in  the  branch  so  that  light  power  is  smoothly  split  into  two. 

In  this  study,  the  FDTD  analysis  was  carried  out  for  some  candidate  structures  of  p-branches.  We  finally  found  that  the 
bend- waveguide-type  branch,  as  shown  in  Fig.  3,  achieves  a  low  excess  loss  [3].  hi  this  structure,  two  bend  waveguides 
are  directly  connected  to  the  input  waveguide.  At  the  connected  part,  the  waveguide  width  is  suddenly  expanded.  This 
wide  waveguide  continues  by  length  g  and  then  it  is  divided  into  two  bend  waveguides  with  radius  of  r.  The  branching 
ratio  and  excess  loss  are  dependent  on  the  length  g  and  the  position  shift  of  input  waveguide  Aw,  as  shown  in  Fig.  4.  For 
g  <  0.7  pm,  Pout i /Pout  decreases  as  A w/w  in¬ 
creases.  For  example,  P0uti/Pout  is  43%  for 
A w/w  =  10%.  On  the  other  hand,  for  g  >  0.8 
pm,  it  increases  as  A wlw  increases.  The  critical 
point  that  gives  PQ ,ut\IPout  =  0.5  for  any  AmAr  is 
expected  for  g  =  0.75  pm.  On  the  other  hand, 
loss  takes  its  minimum  value  of  0.2  dB  at  g  = 

0.6  pm,  but  the  sensitivity  is  not  so  strong. 

Figure  5  shows  the  NFP  of  light  output  from 
the  bend- waveguide- type  branch  with  r  =  2.75 
pm.  As  expected  from  the  FDTD  calculation, 
light  passes  through  the  branch  with  no  irregu¬ 
lar  scattering  and  is  extracted  from  two  output 
ends.  The  excess  loss  at  the  branch  was  speci¬ 
fied  by  comparing  the  output  power  from  a 
simple  bent  waveguide  and  that  from  the 
branch,  as  plotted  in  Fig.  4(b).  Here,  g  is 
changed.  The  loss  takes  the  minimum  value  of 
0.3  dB  for  g  =  0.4  pm.  This  result  almost 
agrees  with  the  calculation. 


Fig.  3  Schematic  of  bend- waveguide-type  branch  and  magnetic  field 
profile  of  TE-like  mode  at  X  =  1.55  pm  for  r  =  1.78  pm,  w  =  0.44 
pm,  g  =  0.28  pm  and  Aw  =  0  pm. 


Normalized  Shift  AirAi-  f%]  Slab  Lcng(j,  „  [„mj 


(a) 


(b) 


Fig.  4  (a)  Branching  ratio  calculated  with  nomialized  shift  A  wlw  of  input  waveguide,  (b)  Solid  curve  and  plots 
indicate  calculated  and  measured  excess  loss  with  slab  length  g,  respectively. 
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Fig.  5  SEM  view  of  fabricated  branch  andNFP  of  light  output  at  X  =  1.55  pm. 


4.  ELLIPTICAL  INTERSECTION 

A  low  loss  and  low  crosstalk  intersection  is  important  for  the  simplification  of  optical  wiring  and  the  reduction  m 
waveguide  loss  in  dense  optical  circuits.  In  addition,  a  series  of  intersections  are  useful  as  mechanical  suspensions  of  the 
airbridge-type  waveguide,  when  they  are  integrated  with  an  airbridge-type  photonic  crystal  waveguide.  Thus  far,  a  leso- 
nant-type  intersection  has  been  theoretically  studied  for  the  Si  photonic  wire  waveguide  [7].  An  insertion  loss  of  <  0.2 
dB  was  calculated  by  a  2-D  calculation.  However,  the  transmission  band  was  as  narrow  as  -10  nm  at  X  ~  1.55  pm.  On 
the  other  hand,  a  low  crosstalk  was  theoretically  calculated  for  an  intersection  with  mode  expanders  in  standaid  low-A 
waveguides  [8].  This  type  of  intersection  is  expected  to  have  a  broad  transmission  band.  In  this  study,  we  designed  the 
mode-expander-type  intersection  for  the  Si  photonic  wire  waveguide  and  experimentally  demonstrated  a  low  loss  [4,6]. 


The  light  propagation  characteristics  of  the  proposed  intersection  was  compared  with  that  of  the  standard  intei  section  in 
the  3-D  FDTD  simulation.  In  the  standard  intersection,  the  insertion  loss  and  the  crosstalk  were  estimated  to  be  1.4  dB 
and  -9.2  dB,  respectively,  when  the  width  of  the  crossing  waveguide  is  equal  to  that  of  the  input  waveguide.  (Here,  the 
crosstalk  is  determined  for  one  crossing  waveguide.)  In  a  parabolic 


shape  mode  expander,  the  guided  mode  is  expanded  without  any  exci¬ 
tation  of  higher  order  modes  [9].  As  the  expanded  mode  has  a  narrow 
angular  spectrum,  the  crosstalk  is  suppressed.  In  this  study,  we  em-  ^'n 
ployed  an  elliptical  instead  of  parabolic  shape  for  the  mode  expansion  =5>  • 
and  shrinkage,  because  of  the  easy  fabrication.  As  the  first  step,  one 
elliptical  region  was  modeled  along  the  direction  of  the  input 
waveguide.  Then,  light  smoothly  expands  and  shrinks  in  the  elliptical 
region,  and  passes  through  the  intersection,  as  shown  in  Fig.  6(b).  For 
1 .5  jam  x  7.2  jam  elliptical  region,  the  insertion  loss  and  crosstalk  were 
estimated  to  be  <  0.1  dB  and  <  -30  dB.  respectively,  in  the  wide  spec- 


P  out 

■II  '*■"  =£> 


tral  range  of  X  =  1.51  -  1.57  jam.  In  the  four  fold  symmetric  intersec¬ 
tion  using  two  1 .6  jam  x  10.4  pm  elliptical  regions,  the  insertion  loss  t  $  fr  |  ,  *  ,  » ,  *  =£> 

was  slightly  higher,  i.e.  0.4  dB.  ‘  %  ! 


hi  the  experiment,  the  crossing  waveguide,  which  was  used  as  a  sus¬ 
pension  of  the  airbridge  waveguide,  was  5  pm  in  length  on  each  side. 
Figure  7  shows  NFPs  at  X  =  1.55  pm  for  the  standard  and  elliptical 
intersections  of  the  airbridge-type  waveguide.  For  the  standard  inter¬ 
sections,  strong  light  scattering  and  decrease  in  guided  intensity  were 
observed.  On  the  other  hand,  they  were  negligibly  observed  for  the 
elliptical  intersections.  We  estimated  the  loss  of  one  intersection  by 
comparing  the  output  intensity  from  a  waveguide  with  a  series  of  inter- 


Hz  | a. ii.] 

Fig.  6  Magnetic  field  profiles  of  TE-like 
mode  at  X  =  1.55  pm.  (a)  Standard  intersec¬ 
tion.  (b)  Elliptical  intersection. 


106  Proc.  of  SPIE  Vol.  5349 


sections  and  from  a  simple  straight  waveguide.  Figure  8  shows  measured  loss  for  various  long  axes  ci  of  the  elliptical 
region.  Experimental  plots  agreed  well  with  theoretical  lines.  For  a  =  7.2  pm,  the  average  loss  and  crosstalk  were  <  0.1 
dB  and  <  ~25  dB,  respectively.  (These  values  were  mostly  determined  from  the  background  noise  level.)  For  the  four 
fold  symmetric  elliptical  intersection,  the  loss  was  1.2  dB.  For  this  type  of  intersection,  more  careful  optimizations  of 
the  structure,  e.g.,  a  balance  between  the  long  and  short  axes,  may  be  necessary. 


(a)  (b) 


Fig.  7  Top  view  of  fabricated  intersections  and  NFP  of  light  output  at  X  =  1.55  pm.  Each 
intersection  was  placed  with  25  pm  interval. 
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Fig.  8  Insertion  loss  with  long  axis  of  the  elliptical  region.  Solid  and  dashed  curves  denote 
theoretical  results  by  the  3-D  FDTD  method,  and  open  and  closed  plots  denote  experimen¬ 
tal  results  for  SOI-type  and  air-bridge-type  waveguides,  respectively. 


5.  H-TREE  OPTICAL  SIGNAL  DISTRIBUTION  CIRCUIT 

To  solve  the  signal  skew  problem  in  an  LSI  chip,  the  intra-chip  optical  interconnection  has  been  discussed.  The  most 
fundamental  target  is  the  H-tree  circuit,  which  distributes  the  clock  signal  to  all  output  ports  via  waveguides  of  the  same 
length.  Such  H-tree  circuit  has  not  been  realized  yet,  except  for  a  large  prototype  composed  of  a  polymer  waveguide 
with  millimeter-size  branches  and  bends  [10].  For  the  drastic  miniaturization  of  this  circuit,  the  Si  photonic  wire 
waveguide  is  effective,  and  the  bend-waveguide-type  branch  discussed  in  Section  3  is  useful.  We  demonstrated  an  ultra 
small  H-tree  circuit  by  using  this  branch  [5]. 
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We  designed  a  35  Jim  x  25  jim  circuit  with  eight  output  ports.  It  included  a  total  of  seven  branches,  so  that  light  succes¬ 
sively  passed  through  three  branches  between  the  input  port  and  one  output  port.  In  the  branches,  v  —  2.75  pm,  which 
sufficiently  suppressed  the  bend  loss.  The  length  g  of  the  wide  waveguide  region  was  designed  to  be  0.8  pm  to  obtain  a 
stable  0.5  :  0.5  branching  ratio.  Each  of  the  two  branches  was  connected  by  a  straight  waveguide  of  5  pm  length.  Each 
output  port  was  terminated  by  a  straight  waveguide  of  3  pm  length.  Figure  9  shows  a  SEM  veiw  of  the  fabricated  circuit 
and  the  NFP  (TM-like  polarization)  at  X  =  1.55  pm.  Clear  outputs  are  observed  from  all  ports  without  any  significant 
scattering  at  the  branches.  Figure  10  shows  transmission  spectra.  Here,  the  intensity  includes  a  calculated  coupling  loss 
of  6  dB  at  the  input  end,  experimental  waveguide  losses  of  1 .2  dB  and  1 .6  dB  for  TE  and  TM  polarizations,  respec¬ 
tively,  an  experimental  total  excess  loss  of  2  dB  at  the  branches  and  a  calculated  reflection  loss  of  3  dB  at  the  output 
end.  On  the  other  hand,  it  excludes  the  loss  in  the  optical  setup  and  the  intensity  attenuation  by  power  distribution  of  9 
dB.  The  intensity  fluctuation  of  7  -  8  dB  is  primarily  caused  by  the  Fabry-Perot  resonance  either  between  input  and  out¬ 
put  ends  of  waveguides,  between  a  waveguide  end  and  a  branch,  or  between  two  branches.  This  lesonance  is  not  a  seri¬ 
ous  problem,  since  it  is  easily  removed  by  tapered  waveguide  ends  and/or  anti-reflection  coatings.  Except  for  this  reso¬ 
nance,  there  still  remain  intensity  fluctuations  among  eight  ports  of  ~5  dB  for  TE  polarization  and  -2  dB  for  TM  polari¬ 
zation.  It  is  caused  by  the  unstable  branching  ratio,  which  arises  from  the  asymmetric  comer  shape  at  each  branch. 


Fig.  9  SEM  view  of  H-tree  circuit  (left)  and  NFP  of  light  output  for  TM-polarized  light  at  X  -  1.55  pm  (right). 


Fie.  10  Transmission  spectra  for  eight  ports,  (a)  TE  polarization,  (b)  TM  polarization.  Fast  oscillation  seen  in 
one  output  port  in  (b)  is  not  due  to  the  waveguide  but  due  to  the  unstable  condition  of  the  optical  power  meter. 
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6.  MACH-ZEHNDER INTERFEROMETOR  (MZI) 

The  MZI  is  one  of  the  most  popular  interferometer,  which  is  used  for  modulators,  switches,  filters,  and  so  forth.  To 
switch  the  output  on  and  off  by  changing  the  phase  condition,  3  dB  directional  couplers  are  commonly  used.  But  in  the 
photonic  wire  waveguide,  it  is  still  difficult  to  control  the  space  between  a  directional  coupler  as  it  is  of  0.1  pm  order.  In 
this  study,  we  applied  a  couple  of  two  bend-waveguide-type  branched  to  construct  the  MZI,  and  showed  the  preliminary 
interference  characteristics  [6].  As  shown  in  Section  3,  this  branch  provides  low  excess  loss.  In  addition,  its  branching 
characteristic  is  less  sensitive  to  the  wavelength,  which  is  desired  for  the  MZI. 

Figure  1 1  shows  a  SEM  view  and  the  NFP  of  light  output.  At  each  branch,  r  =  3  pm.  The  difference  between  two 
waveguide  lengths  was  28.7  pm.  Clear  light  output  was  observed  without  any  irregular  scattering  at  the  branches. 
(Background  noisy  light  was  caused  by  the  uncoupled  light  at  the  input  end  of  the  waveguide.)  The  total  loss  at  the 
branches  and  the  bends  was  1.0  dB.  Figure  12  shows  the  transmission  spectrum  exhibiting  a  clear  resonance.  The  fine 
structure  in  the  spectrum  arises  from  the  Fabry-Perot  resonance  between  input  and  output  ends  of  the  waveguide.  The 
maximum  peak  to  bottom  ratio  was  14  dB.  The  free  spectral  range  (FSR)  of  -16  nm  well  agrees  with  the  theoretical 
value  calculated  for  a  group  index  of  4.6. 


Fig.  1 1  SEM  view  of  MZI  (left)  and  NFP  of  light  output  for  TE-polarized  light  at  X  =  1.57  pm  (right). 


Fig.  12  Measured  transmission  spectrum.  Vertical  lines  denote  the  Fabry-Perot  resonance  peaks 

7.  ARRAYED- WAVEUIDE-GRATING  (A WG) 

The  silica-based  AWG  demultiplexer  is  widely  used  as  a  key  device  for  wavelength-division-multiplexing  (WDM)  sys¬ 
tems  at  X  =  1.5  -  1.6  pm  due  to  its  narrow  chamiel  spacing,  low  crosstalk  and  low  insertion  loss.  Various  functionalities 
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such  as  add/drop  multi/demultiplexing,  channel  selection,  multiwavelength  modulation,  and  so  on,  which  are  realized  by 
integrating  multiple  AWGs.  are  additional  attractive  features.  However,  due  to  the  large  bend  radius  of  the  silica 
waveguide,  the  smallest  AWG  still  has  a  size  of  cm2  order  [1 1].  A  more  advanced  structure  is  the  III-V  based  AWG 
with  high  mesa  waveguides  [12].  The  waveguide  has  a  standard  semiconductor/semiconductor  structure  in  the  vertical 
direction,  while  has  a  semiconductor/air  structure  in  the  lateral  direction.  It  allows  a  bend  radius  of  100  pm  order,  which 
is  restricted  by  the  vertical  leakage  loss  at  the  bend.  The  total  size  of  the  AWG  can  be  of  several  mm2  order.  This  size  is 
remarkably  small  compared  with  silica  ones,  but  still  not  small  enough  as  an  individual  device  in  a  future  more  sophisti¬ 
cate  functional  circuit.  In  addition,  this  device  requires  a  complex  dry  etching  process  in  the  formation  of  several-pm- 
hieh  mesas.  Particularly,  a  high  aspect  ratio  of  >  20  is  ideally  required  for  narrow  grooves  between  neighboring  anayed 
waveguides  at  connection  parts  with  slab  waveguides.  An  insufficient  aspect  ratio  causes  an  excess  loss  in  tiansmission 
characteristics. 

As  for  filter  applications  of  the  photonic  wire  waveguide,  microring  filters  [13-15]  and  a  lattice  filter  [16]  have  been 
demonstrated,  but  the  AWG  has  never  been  reported  yet.  Here,  we  do  not  discuss  an  AWG  with  low  mesa  rib-type 
waveguides  on  SOI  substrate,  since  it  does  not  have  advantages  of  the  ultrahigh-A  waveguide.  It  rather  has  the  size 
compatibility  to  silica  AWGs.  which  is  out  of  interest  in  this  study.  The  p-bend  of  the  photonic  wire  waveguide  expands 
the  design  flexibility  of  the  AWG  and  allows  the  drastic  miniaturization  of  the  total  device  size  to  of  (100  pm)2  order. 
As  the  typical  core  height  of  the  photonic  wire  waveguide  is  0.3  pm.  the  etching  process  is  much  easier  and  more  pre¬ 
cise  than  for  the  high  mesa  type.  In  this  study,  we  designed  and  fabricated  such  a  compact  AWG,  and  observed  a  clear 
demultiplexing  characteristic,  for  the  first  time,  in  1.50  -  1 .57  pm  wavelength  range. 

We  designed  a  horseshoe-shape  AWG  with  34  arrayed  waveguides  and  two  slab  waveguides,  as  shown  in  Fig.  13.  The 
arrayed  waveguides  are  composed  of  90°  bends  and  straight  waveguides.  The  total  size  is  100  x  93  pm”.  A  half-elliptical 
taper  of  3.5X  1.5  pm2  was  placed  between  the  input  waveguide  and  the  slab  waveguide  to  smoothly  excite  a  Gaussian 
beam  in  the  slab  waveguide.  Similarly,  1.5  pm  x  0.8  pm  tapers  were  placed  between  the  slab  waveguides  and  other 
channel  waveguides  to  reduce  the  joint  loss.  Each  two  elliptical  tapers  were  separated  by  grooves  of -10  nm  end  width. 
Figure  14  shows  transmission  spectra  for  TE-polarized  input  light.  Here,  the  vertical  axis  excludes  input  and  output 
coupling  losses  between  the  device  and  the  measurement  setup.  The  clear  spectral  peak  appeared  and  linearly  shifted 
among  17  output  waveguides.  The  fine  structure  in  the  peak  was  caused  by  the  Fabry-Perot  resonance  inside  the  device. 
The  peak  interval  was  3  nm,  which  well  agreed  with  the  designed  value.  However,  the  full  width  at  half  maximum 
(FWHM)  of  each  peak  was  -6  nm.  Therefore,  the  number  of  fully  separated  channels  was  nine.  The  average  sidelobe 
level  was  —5  dB  of  the  main  peak  intensity.  The  FWHM  and  the  sidelobe  level  will  also  be  improved  by  optimizing  the 
tapers  and  the  focal  length /to  form  a  high  quality  Gaussian  beam  in  the  slab  waveguides.  In  each  spectrum,  another 
main  peak  was  not  observed  over  the  measured  wavelength  range  of  100  nm.  The  free  spectral  range  (FSR)  was  wider 
than  90  nm. 
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8.  CONCLUSIONS 


We  demonstrated  the  p-branch  and  the  ^-intersection  of  Si  photonic  wire  waveguide,  which  showed  a  low  loss  of  <  0.3 
dB  and  <0.1  dB,  respectively,  and  the  wavelength  insensitive  characteristics  in  the  experiment.  As  applications  of  the 
p-branch,  we  fabricated  the  H-tree  optical  signal  distribution  circuit  with  eight  output  ports  and  the  simple  MZI.  For  the 
H-tree  circuit,  the  clear  light  distribution  was  observed  with  an  intensity  fluctuation  of  2  dB.  For  the  MZI,  the  typical 
frequency  response  was  observed  with  an  attenuation  ratio  of  14  dB.  Finally,  we  demonstrated  the  AWG  of  ~( 100  pm)2 
size.  The  demultiplexing  function  was  observed  with  a  spectral  width  of  6  nm  for  nine  channels  and  an  FSR  of  90  nm. 

Now,  we  can  fabricate  any  conventional  devices  by  the  Si  photonic  wire  waveguides.  To  obtain  high  performance,  we 
have  to  clarify  crucial  points  of  design  and  fabrication  for  such  a  high  index  contrast  system.  However,  we  expect  to 
achieve  them  in  the  near  future,  owing  to  the  complete  3-D  FDTD  calculation  of  lightwaves  and  the  fine  fabrication 
process  so  far  developed  for  not  only  this  purpose  but  also  more  complex  photonic  crystal  waveguides, 
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ABSTRACT 

The  three-dimensional  model  of  the  packaging  device  is  established  based  on  ANSYS  simulation  platform.  The  thermal 
properties  such  as  time  response,  axial  and  radial  temperature  distributions  at  different  applied  voltages  are  exhibited. 
With  aids  of  Real  Time  Optical  Spectrum  Analyzing  System  and  IR  Camera  System,  time  response  of  the  device  and 
axial  temperature  distribution  along  the  coated  fiber  with  intracore  FBG  are  both  demonstrated.  Temperature  responses 
to  different  applied  voltages  are  achieved  after  measuring  voltage  induced  wavelength  shift  and  temperature  dependent 
wavelength  shift.  Simulation  shows  results  in  agreement  with  those  of  experiment.  Finally,  regulations  on  length  of  the 
metal  coating,  size  of  the  package,  power  consumption  and  tuning  properties  of  the  packaging  device  are  discussed. 

Key  Words:  Packaging  device,  fiber  Bragg  grating  (FBG),  temperature  distribution,  time  response 

1.  INTRODUCTION 

Optical  fiber  coated  with  micros  of  resistively  heating  layer  has  attracted  more  attentions  in  the  past  few  years.  Such  an 
electrically  regulated  component  is  promising  for  its  merits  such  as  small  size,  low  power  consumption  and  low  cost. 
Imprinted  with  intra-core  Fiber  Bragg  Grating  (FBG),  the  component  can  find  applications  such  as  tunable  filtering  or 
sensing  components  used  in  fields  of  optical  communications  or  sensing  technologies.  Till  now  it  has  been  proposed  to 
be  used  as  wavelength  modulator  [1],  tunable  dispersion  compensator  for  single  channel  in  WDM  or  long  haul 
transmission  systems  [2][3]  and  sensing  element  for  electrical  current  [4]. 

With  approximations  of  the  coated  fiber  as  two-layered  structure  and  one-dimensional  model  in  axial  direction,  thermal 
distribution  at  steady-state  has  been  computed  by  nonlinear  finite  element  modeling  method  [2],  Regarding  the  coated 
fiber  as  one-layered  structure  and  also  one-dimensional  model  in  axial  direction,  heat  flow  along  the  axis  of  fiber  has 
been  analyzed  and  thermal  characteristics  such  as  temperature  response  and  spatial  distribution  has  been  discussed  in 
detail  [5].  Only  considering  heat  flow  from  coated  fiber  to  ambient  air  in  radial  direction,  another  one-dimensional 
model  has  been  proposed  to  discuss  thermal  response  of  the  component  [6],  Upon  one-dimensional  model  of  the  coated 
fiber,  one  can  discuss  thermal  characteristics  such  as  time  response  and  axial  temperature  distribution.  However,  in  some 
cases  such  as  package's  design  for  the  coated  fiber,  temperature  distributions  of  ambient  air  in  two  or  three  dimensions 
beyond  the  coated  "fiber  are  greatly  desired  in  order  to  optimize  the  package's  size.  Furthermore,  in  building  the 
theoretical  models  and  subsequent  analysis  mentioned  above,  many  assumptions  and  approximations  have  been  made. 
This  will  undoubtedly  weaken  the  suitability  of  the  models  and  add  some  errors  compared  with  results  of  experiment. 

Based  on  finite  element  analysis  method  and  with  the  help  of  commercial  simulation  software  ANSYS,  three- 
dimensional  model  for  a  packaging  device  with  metal-coated  FBG  is  established  in  this  paper.  Based  on  simulation 
result,  thermal  analysis  such  as  temperature  response  and  spatial  distributions  in  radial  and  axial  directions  are 
conducted.  The  establishment  of  the  model  on  ANSYS  is  more  attractive  due  to  its  easiness  and  intuitiveness.  Moreover, 
thermal  analysis  based  on  this  method  can  extend  temperature  distributions  in  multiple  directions  and  tempetature 
responses  at  dynamic  and  steady  states  at  the  same  time.  Because  of  consideration  of  tempetature  dependent  material 
parameters,  more  accurate  simulation  result  should  be  expected. 
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In  the  following  section  2,  simulation  and  experiment  are  described.  Then  results  are  demonstrated  and  discussed.  In  last  section 
several  conclusions  are  listed. 


2.  SIMULATION&EXPERIMENT 


Metal  film 
Optical  fiber 
Holder 
Air 

Fig.  I  Schematic  description  of  packaging  device  to  be  modeled 
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The  modeled  packaging  device  consists  of  four  parts  (shown  in  fig.  1):  FBG  based  optical  fiber  with  125pm  in  diameter 
and  70mm  in  length,  a  metal  film  with  3pm  in  thickness  and  60mm  in  length,  which  is  coated  around  the  fiber,  two  fused 
quartz  based  fiber  holders  with  V-grooves  curved  on  top  surfaces  and  size  of  15x4x2mm\  2  pm-thick  gold  film  covered 
on  top  surfaces  of  the  holders  for  electrical  contact,  all  the  parts  are  surrounded  by  air. 

The  3-dimensional  model  of  the  packaging  device  was  established  on  ANSYS  platform.  The  material's  parameters  used 
in  the  modeling  are  listed  in  tab.  1. 


Optical  fiber 

Density:  2203Kg/m\  thermal  conductivity:  1.38W/m-K,  heat  capacity:  703W*S/Kg-K. 

Metal  film 

Density:  8900Kg/m3,  thermal  conductivity:  91.3,  90.5,  80.1,  72.1  and  66.0W/m-K  at  293.15,  300,  400,  500  and  600K, 
heat  capacity:  444W-S/Kg*K,  film  resistivity:  67.5  and  69uf>*cm  at  295. 75K  and  573. 5K. 

Holder 

Fused  quartz:  density:  2203Kg/m3,  thermal  conductivity:  1.38W/m-K,  heat  capacity:  703W*S/Kg*K. 

Gold:  density:  19300Kg/m\  thermal  conductivity:  317,  311,  304  and  296W/m-K  at  300,  400,  500  and  600K, 
heat  capacity:  129W-S/Kg*K,  film  resistivity:  22.2pn*cm. 

Air 

Density:  1.1774Kg/m\  thermal  conductivity:  0.02624W/m-K,  heat  capacity:  1005.7W*S/Kg*K. 


Tab.  1  Material  parameters  used  for  modeling  of  packaging  device 


Most  of  them  were  taken  from  reference  [7],  Some  temperature  dependent  parameters  were  obtained  by  interpolation. 
The  film  resistivity  of  metal  layer  was  estimated  by  measuring  electrical  resistance  at  different  temperatures  and  its 
geometrical  size. 

Solid  lines  in  fig.  2  show  the  time  responses  of  the  simulated  device  at  different  applied  voltages.  The  temperatures 
increase  nonlinearly  at  starting  phase.  They  will  reach  stable  values  after  2  seconds  and  keep  constants  of  51  OK,  435K 
and  330K  at  voltages  of  5V,  4V  and  2V.  It's  likely  to  conclude  that  applied  voltage  will  not  affect  rising  time  of  the 
packaging  device,  although  it  can  affect  temperature  values  at  constant  phase. 

Temperature  distributions  of  the  packaging  device  along  coated  fiber  are  shown  in  fig.  3.  Three  curves  represent  those 
when  the  packaging  device  is  applied  with  voltages  of  5V,  4V  and  2V.  Temperature  rising  span  at  coating's  end  is  nearly 
10mm  for  all  cases.  In  central  portion  of  coated  fiber,  temperature  keeps  constant  in  span  of  30mm.  It's  likely  to 
conclude  that  the  length  of  temperature  rising  span  at  the  end  relates  less  to  applied  voltage. 
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Time/S 

Fig.  2  Time  response  of  packaging  device  at  starting  phase 


Axial  Length/nmi 

Fig.  3  Temperature  distribution  of  packaging  device  along  fiber's  axis 

Fig.  4  demonstrates  radial  temperature  distribution  of  the  packaging  device  in  the  central  part.  Inside  coated  fiber 
temperature  keeps  constant  value.  In  ambient  air  beyond  coated  fiber,  temperature  decreases  sharply  first,  then  slowly 
and  gradually  to  ambient  temperature. 


o  as  1  1-5  2 


Fig.  4  Temperature  distribution  of  packaging  device  in  radial  direction 
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Solid  curve  in  fig.  5  illustrates  the  packaging  device's  temperature  relationship  with  applied  voltage.  At  low  voltage  it 
increases  slowly.  Gradually  it  becomes  rapid  and  reaches  5 10K  at  voltage  of  5V. 


Fig.  5  Voltage-induced  temperature  variation  at  fiber's  center 


In  order  to  experimentally  acquire  center’s  temperature  of  the  coated  fiber,  FBG  was  taken  use  to  imprint  in  fiber's  core. 
By  means  of  measuring  Bragg  wavelength's  response  at  starting  phase  and  wavelength  shifts  at  differently  applied 
voltages,  and  with  reference  of  temperature  dependent  wavelength  shift  at  steady  state,  temperature  response  of  the 
packaging  device  and  relationship  of  temperature  variation  and  applied  voltage  could  be  achieved.  The  setup  used  for 
measuring  wavelength  response  could  be  described  as:  the  light  beam  from  a  broadband  light  source  (Super  Laser 
Diode)  was  first  guided  into  the  packaging  device  through  a  circulator,  then  reflected  and  went  through  the  circulator 
again,  finally  measured  by  a  Real  Time  Optical  Spectrum  Analyzing  System  (RTOSAS,  Hamamatsu).  In  order  to 
measure  wavelength  shifts  at  different  voltages.  Optical  Spectrum  Analyzer  (OS A)  instead  of  RTOSAS  was  used.  Also 
an  external  heating/cooling  platform  was  used  as  temperature  controller  to  calibrate  the  dependence  of  wavelength  shift 
on  temperature.  Measured  result  showed  very  good  linearity  of  temperature  dependent  wavelength  shift.  The  slope's 
value  was  1.171nm/100K.  The  packaging  device's  time  response  is  demonstrated  in  fig.  2  (‘A'  symbols).  At  starting 
phase,  temperature  increases  quickly  to  515K  at  time  of  1.7seconds,  and  then  keeps  constant.  Symbols  ‘O'  in  fig.  5  show 
voltage  induced  temperature  variation.  Temperature  increases  from  room  temperature  to  about  490K  with  voltages 
increasing  from  0  to  4.67V.  Both  curves  agree  with  simulation  results  very  well. 

In  order  to  measure  temperature  distribution  along  the  fiber,  IR  Camera  System  (AVIO,  TVS600)  was  introduced. 
Setting  material's  emissivity  of  0.1,  retrieved  data  (solid  square  symbols)  were  demonstrated  in  fig.  3  (4V).  Temperature 
rising  span  at  the  end  of  fiber's  coating  is  about  7mm.  The  curve  agrees  well  with  that  at  fiber’s  center  in  simulation. 

Based  on  achievements  of  thermal  analysis,  together  with  consideration  of  heating  sinking  of  sensor  structure  on  coated 
fiber  [8],  the  length  of  fiber  coating  is  optimized  to  65mm.  For  the  sake  of  operativity  of  assembling  fiber  into  package, 
the  package  we  designed  for  the  packaging  device  is  proposed  with  the  size  of  84x20x8mm3. 


Power/mW 


Fig.  6  Sensor's  response  to  electrical  power  applied  on  coated  fiber 
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For  fear  of  working  wavelength  shifting  with  environmental  variations,  temperature  measuring  and  controlling  module 
has  been  designed.  Sensitive  profile  of  the  miniature  sensor  we  used  to  measure  temperature  is  exhibited  in  fig.  6.  When 
coated  fiber  is  supplied  with  electrical  power  of  0.82W,  the  sensor's  resistance  decreases  from  36.9  to  21.5Kohm.  With 
the  setup  of  temperature  sensor  and  control  circuit,  wavelength  tuning  profile  of  the  packaging  device  is  demonstrated  in 
fig.  7  (one  curve  denotes  that  in  ascending  order,  the  other  in  descending  order).  Tuning  range  more  than  3nm  can  be 
expected  with  voltage  applied  as  large  as  8V.  To  increase  tuning  range  of  the  packaging  device,  larger  voltage  can  be 
applied.  However,  it  is  found  that  metal  coating  will  be  seriously  damaged  at  higher  voltage  close  to  10V. 


Fig.  7  Wavelength  tuning  profile  of  packaging  device 


3.  CONCLUSIONS 

3-dimensional  model  has  been  presented  to  analyze  thermal  characteristics  of  the  packaging  device  with  metal-coated 

FBG.  Rising  time  of  the  device  and  temperature  rising  span  at  the  end  of  the  metal  coating  are  nearly  2seconds  and 

10mm,  respectively,  which  have  less  relation  with  applied  voltage.  Length  of  the  metal  coating  is  optimized  to  65mm. 

The  packaging  device  can  enable  a  tuning  range  more  than  3nm.  It  is  potentially  a  low  cost  fiber-based  tunable  filter. 
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ABSTRACT 

We  demonstrate  simultaneous  stabilized  operation  of  a  mode  locked  ring  fiber  laser  at  two  wavelengths.  At  one  of 
the  wavelengths  the  mode  locked  operation  is  at  10  GHz  and  it  is  at  40  GHz  at  the  second  wavelength.  The  laser 
has  an  intracavity  LiNb03  modulator  driven  at  10  GHz.  The  40  GHz  pulses  are  obtained  by  rational  harmonic 
mode  locking.  Pulses  with  widths  in  5  to  8  ps  range  are  obtained. 

Keywords:  harmonic  mode-locking,  phase  locked  loop 

1.  INTRODUCTION 

Ultra  short  pulse  trains  with  high-repetition -rate  at  multiple  wavelengths  may  be  required  in  high-bit-rate  optical 
communication.  Recently  actively  mode-locked  Er-doped  fiber  lasers  have  been  used  for  the  simultaneous 
generation  of  high-repetition  picosecond  pulses  at  multiple  wavelengths  K\  Li  et  al.3  generated  the  pulses  at  2.5 
and  5  GHz  respectively  with  pulse  widths  of  17.7  and  13  ps  respectively.  However,  due  to  the  fluctuation  of  laser 
cavity  and  dual-mode  competition,  stability  was  limited. 

In  this  paper,  using  a  modulation  frequency /m=  10  GHz,  we  achieve  stable  optical  pulse  trains  at  the  repetition  rate 
of  10  and  40  GHz  with  pulse  widths  of  8ps  and  5ps  respectively.  The  instability  has  been  reduced  considerably 
using  an  intracavity  semiconductor  optical  amplifier  (SOA)  and  a  phase  locked  loop  (PLL)  associated  with  the 
optical  cavity. 


2.  MODE  LOCKING 

The  schematic  of  a  ring  fiber  laser  with  an  SOA  in  the  optical  cavity  is  shown  in  Figure  1.  The  Erbium  doped 
fiber  amplifier  (EDFA)  is  pumped  with  a  980nm  pump  laser.  The  wavelength  selective  element  employed  in  the 
cavity  is  a  pair  of  multiplier/demultiplier  (MUX/DMUX),  which  has  4  channels  with  the  bandwidth  of  1.5  nm 
each.  By  tuning  the  delay  line,  the  total  optical  cavity  length  (which  determines  the  round-trip  time  of  the  optical 
pulse  in  the  cavity)  is  varied.  A  10/90  output  coupler  is  placed  after  the  MUX.  The  LiNb03  electro  optical 
modulator  is  driven  by  modulation  signal,  which  is  controlled  by  the  voltage-controlled  oscillator  (VCO);  the 
modulation  frequency  fm  is  ~10GHz.  The  pulses  are  observed  using  an  autocorrelator. 

Figure  2(a)  and  (b)  show  the  pulse  trains  with  repetition  of  40GHz  and  10GHz.  The  10  GHz  pulse  train  is  mode 
locked  at  the  drive  frequency  of  the  modulator  and  the  40  GHz  pulse  train  is  locked  at  4  times  the  drive  frequency. 
The  harmonic  mode-locking  happens  when  the  modulation  frequency  fn  =Nfci ,  where  N  is  an  integer,  is  the 
modulation  frequency  provided  by  VCO,  and/ci  the  fundamental  cavity  round  trip  frequency  for  channel  1,  (one 

of  the  lasing  wavelengths).  These  quantities  could  be  expressed  as  follows: 

/m=tf/cl  =  N— C—  (I) 

n  eff 

Here  c  is  the  speed  of  light  in  vacuum,  ncff  is  the  effective  refractive  index  of  the  ring  cavity  and  Li  is  the  total 
length  of  the  ring  cavity.  Since  L{  is  more  than  50  m,  the  fundamental  cavity  frequency  fcl  is  only  several  MHz. 

Figure  2(b)  shows  the  10  GHz  pulse  train  generated  in  channel  1,  corresponding  to  the  \  =  1546nm.  It  shows  a 
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pulse  width  of  8ps.  For  the  second  wavelength,  the  rational  harmonic  mode  locking  is  observed  when  drive 
modulation  frequency/,,  is  set  at  (N+l/p)  multiple  of  the  cavity  round  trip  time,  i.e. 


/»  =(N+l/p) — (2) 

ncffL2 

Where  p  is  integer  and  L;  is  the  cavity  length  of  corresponding  to  the  second  wavelength.  Since/,,  in  equations  (1) 


PLL  controller1 


Fig.  1.  Schematic  of  two- wavelength  fiber  ring  laser. 


and  (2)  are  identical.  L:  should  be  adjusted  (using  the  delay  line)  so  that  p=4  satisfies  equation  (2)  for  the  second 
wavelength.  Since  the  drive  frequency  is  the  same,  from  ( 1 )  and  (2), 


N 


c 


'VL> 


=(N+l/p) — — 

Hcff  ^2 


(3) 


or 

NpAL  =  L,  (4) 

where  A L  =  L,  —  L, , 

From  (1),  we  have 

!±  =  —^—=  lOOps  (5) 

Using  (4)  and  (5)  for  p=4, 

AL  =  -^2-  =  25  ps  (6) 

AN 

Tlius,  the  cavity  length  difference  for  the  two  wavelengths  is  ~  25ps.  Figure  2(a)  shows  the  40  GHz  pulse  train 
observed  by  autocorrelator,  the  pulse  width  is  ~  5ps. 
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Fig.2.  Pulse  trains  observed  by  autocorrelator,  (a)  40GHz  pulse  train  with  pulse  width  of  5ps  (b)  10GHz  pulse 
train  with  pulse  width  of  8ps 


Wavelength(nm) 


Fig. 3.  Spectrum  of  the  pulses  at  wavelength  of  1546  nm  (  40  GHz)  and  1558nm  ( 10  GHz)  respectively 

Figure  3  shows  the  optical  spectrum  of  the  pulses.  The  width  of  optical  spectrum  of  10  GHz  pulse  train  is 
narrower  than  that  of  the  40GHz  pulse  train. 
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3.  STABILIZITION 


The  stability  of  the  pulse  trains  is  important  for  practical  applications.  Generally,  for  the  pulses  generated  by 
mode-locked  operation  from  fiber  lasers,  two  main  factors  contribute  to  the  pulse  instability:  1)  Fluctuation  of  the 
cavity  length  due  to  mechanical  vibrations  or  temperature  fluctuations.  2)  Competition  between  modes  in  the  laser 
cavity. 

As  is  known,  for  the  harmonic  mode  locked  fiber  laser,  10GHz  pulse  train  can  be  generated  in  the  ring  cavity 
configuration  when  the  modulation  frequency  fm  is  adjusted  with  high  precision  to  nfc ,  while  40GHz  pulse 

train  is  generated  when  the  modulation  frequency  /„,  is  adjusted  with  high  precision  to  (n+l/4)/f, .  Both  sets  of 

train  are  generated  at  two  wavelengths  at  the  same  drive  frequency  (f,,,)  when  the  cavity  round  trip  time  for  the  two 
wavelengths  differ  by  ~  25  ps.  However,  due  to  the  environmental  influence,  the  cavity  length  may  drift  off  the 
mode-locking  conditions.  For  this  reason,  we  introduce  phase  locked  loop  (PLL)  in  the  cavity  to  maintain  the 
mode  locking  condition.  The  key  components  of  the  PLL  are  a  10  GHz  mixer,  a  phase  locked  loop  controller  and 
a  voltage-controlled  oscillator  (VCO).  The  mixer  detects  the  phase  difference  between  the 


Time  (min) 


Time  (min) 

(b) 

of  40  GHz  pulse  train  with  SOA  and  PLL  in  the  fiber 
SOA  and  PLL  in  the  fiber  ring. 


(a) 

Fig. 4.  Stability  of  pulse  train  (a)  intensity  and  pulse  form 
ring,  (b)  Intensity  and  pulse  form  of  40  GHz  pulse  train  without 


photodiode  output  and  the  VCO,  the  output  of  the  mixer  is  then  sent  back  to  the  PLL  controller,  which  will  have 
an  output  of  vbias  -  J  Vm!xc,.dt .  Thus  through  negative  feedback,  the  circuit  continuously  adjusts  the  modulation 
frequency  to  the  mode-locking  frequency,  assuring  long-term  stability  of  10GHz  pulse  train  in  the  operation. 


As  shown  in  the  above  section,  the  10GHz  and  40GHz  pulse  trains  can  be  generated  simultaneously  only  if  we 
adjust  the  cavity  length  difference  to  25ps.  Therefore,  to  stabilize  both  sets  of  wavelength  pulses,  the  drift  of 
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cavity  length  difference  must  be  minimized.  To  satisfy  this  requirement,  we  make  the  fiber  lines  between  DMUX 
and  MUX  as  short  as  possible. 

The  semiconductor  optical  amplifier  (SOA)  in  the  cavity  reduces  the  instability  due  to  mode-competition  as 
observed  previously4.  In  the  two- wavelength  mode-locking  scheme,  two  pulses  will  compete  for  the  available 
population  inversion  in  the  laser.  Consequently,  any  oscillation  of  one  pulse  will  possibly  suppress  another5. 
Pulses  at  two  wavelengths  can  exist  simultaneously  at  certain  stable  points,  and  the  intensities  of  two  pulses  will 
reach  equilibrium.  However,  any  perturbation  of  intensity  will  break  such  equilibrium.  The  SOA  is  operated  in  a 
saturated  regime  that  stabilizes  any  fluctuations. 

Figure  4  shows  the  measurements  of  intensity  of  40GHz  pulse  train  vs.  time.  For  the  two  cases:  (i)  PLL  and  SOA 
in  the  fiber  laser  configuration  and  (ii)  without  PLL  and  SOA.  Stable  performance  is  obtained  with  the  phase 
locked  loop  and  SOA  in  the  cavity. 


4.  SUMMARY 

We  have  demonstrated  simultaneous  stabilized  operation  of  a  mode  locked  ring  fiber  laser  at  two  wavelengths.  At 
one  of  the  wavelengths  the  mode  locked  operation  is  at  10  GHz  and  it  is  at  40  GHz  at  the  second  wavelength.  The 
laser  has  an  intracavity  LiNb03  modulator  driven  at  10  GHz.  The  40  GHz  pulses  are  obtained  by  rational 
harmonic  mode  locking.  Pulses  with  widths  in  5  to  8  ps  range  are  obtained. 
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ABSTRACT 

A  new  type  of  waveguide  optical  polarization  splitter  is  proposed  and  investigated  theoretically.  The  waveguide 
optical  polarization  splitter  is  composed  of  a  Y  branch  waveguide  and  a  microprism  consisting  of  a  dielectric  periodic 
multilayer.  As  the  dielectric  periodic  multilayer  has  large  birefringence,  the  TM  (x)  -  and  TE  (y)  -  polarized 
propagating  waves  are  refracted  with  different  angle  each  other  at  the  microprism.  This  is  the  principle  of  the 
proposed  waveguide  polarization  splitter.  First  we  have  designed  the  waveguide  polarization  splitters.  An 
asymmetric  Y  branch,  in  which  one  output  port  is  a  straight  waveguide  for  an  input  waveguide  and  the  other  is  an 
abruptly  bending  waveguide,  is  used  for  the  design.  The  refractive  indices  of  the  core  and  cladding  (substrate)  are 
1.51  and  1.509,  respectively.  The  dielectric  periodic  multilayer  for  the  microprism  has  been  designed  so  as  the 
effective  refractive  index  for  the  x-polarization  become  equal  to  the  refractive  index  of  the  substrate.  Therefore  the 
x-polarized  wave  propagates  for  the  output  port  consisting  of  the  straight  waveguide  with  low  loss.  The  prism  has 
been  designed  by  using  the  method  for  the  microorism-type  of  bending  waveguide  proposed  by  C.  T.  Lee  and  J.  M.  Hsu 
so  as  the  y-polarized  wave  can  propagate  for  the  port  consisting  the  abruptly  bending  waveguide  with  low  loss. 
Finally  we  have  calculated  optical  losses  for  the  x-  and  y-polarizations  by  using  a  beam  propagating  method.  The 
insertion  losses  of  the  typically  designed  waveguide  optical  polarization  splitter  for  the  x-  and  y-polarizations  are  0. 14 
dB  and  0.2  dB.  respectively.  It  lias  also  been  confirmed  that  the  crosstalks  are  <-35  dB  for  both  polarizations. 

Keywords:  Optical  polarization  splitter,  dielectric  periodic  multilayer,  microprism,  integrated  optics 


1.  INTRODUCTION 

An  optical  polarization  splitter  is  one  of  important  devices  for  various  optical  systems.  In  "bulk”  polarization 
splitters,  the  most  typical  one  is  a  polarization  beam  splitter  (PBS)  cube  based  on  the  Brewster’s  angle.  The  PBS  cube 
consists  of  dielectric  multilayer  sandwiched  between  two  45°  glass  prisms  and  is  widely  used  for  an  optical  pick-up 
system  in  an  optical  disc  player.  A  crosstalk  of  the  PBS  cube  is  about  -40  dB  and  insertion  loss  is  negligibly  low. 
As  for  "waveguide”  polarization  splitters  for  integrated  optics,  many  types  of  splitter  have  been  proposed  and 
investigated1'11,  although  it  seems  that  most  splitters  have  not  been  used  practically  from  any  drawback.  The 
waveguide  polarization  splitters  would  be  classified  into  three  groups,  that  is,  1)  directional  coupler-type  ,  2) 
interferometer-type5'6,  and  3)  Y  branch-type7'11  waveguide  polarization  splitters.  As  tire  directional  coupler-type  and 
interferometer-type  waveguide  polarization  splitters  are  besed  on  the  polarization-dependent  coupling  properties  and  tire 
polarization-dependent  phase  chenges,  respectively,  the  polarization  splitting  characteristics  are  sensitive  to  the 
waveguide  parameters,  including  refractive  indices  of  core  and  substrate,  etc.  Therefore,  the  fabricating  tolerance  is 
severe  and  some  control  means  for  the  waveguide  parameters  are  required.  On  the  other  hand,  the  Y  branch-type 
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waveguide  polarization  splitters  are  based  on  the  polarization-dependent  branching  properties  induced  by  the 
birefringence  in  LiNb03  waveguides7,  semiconductor  waveguides9,  polymeric  waveguides10*11,  and  Langmuir-Blodgett 
cladding  layer  loaded  on  the  core8.  It  seems  that  the  Y  branch-type  waveguide  polarization  splitters  are  more  useful 
for  practical  use  as  the  fabricating  tolerance  is  not  severe. 

In  this  paper,  we  propose  a  novel  type  of  Y  branch-type  waveguide  optical  polarization  splitter.  In  the  proposed 
splitter,  a  microprism  consisting  of  dielectric  periodic  multilayer  with  large  birefringence  is  buried  at  the  Y  branch.  In 
this  work,  we  do  not  use  the  LiNb03  or  semiconductor  substrates  with  birefringence  since  we  guess  that  those  expensive 
substrates  should  be  used  for  active  optical  devices.  As  the  polarization  splitter  is  just  a  passive  optical  device,  we  use 
glass  substrate,  which  can  be  conected  to  optical  fibers  with  low  coupling  loss.  Therefore,  the  used  Y  branch 
waveguide  does  not  have  the  polarization-dependent  branching  properties.  The  x-  and  v-polarized  propagating  waves 
are  split  by  the  polarization-dependent  angle  of  refraction  in  the  microprism,  where  polarizations  normal  and 
parallel  to  the  surface  of  substrate  are  defined  as  x-  and  y-polanzations:  respectively.  In  the  conventional 

Y  branch-type  waveguide  optical  polarization  splitters7  n,  a  brandling  angle  between  two  output  waveguides  is  usually 
less  than  0.5°  as  the  insertion  loss  increases  and  the  crosstalk  decreases  with  the  branching  angle.  However,  in  the 

Y  blanch  type  optical  devices,  large  blanching  angle  is  strongly  required  in  order  to  realize  compact  device  size.  In  the 
proposed  waveguide  polarization  splitter,  the  large  blanching  angle  of  9°  can  be  realized  as  the  microprism  is  used. 

In  this  paper,  first  we  describe  the  principle  of  the  proposed  waveguide  polarization  splitter.  Next  we  design  the 
waveguide  optical  polarization  splitter  consisting  of  an  asymmetric  Y  branch,  in  which  one  output  port  is  a  straight 
waveguide  for  an  input  waveguide  and  the  other  is  an  abruptly  bending  waveguide.  The  prism  has  been  designed  so 
as  the  y-polarized  wave  propagates  for  the  port  consisting  the  abruptly  bending  waveguide  with  low  loss  by  using  the 
method  proposed  for  a  microprism-type  bending  waveguide  by  C.  T.  Lee  and  J.  M.  Hsu12.  Finally  we  have  calculated 
optical  losses  for  the  x-  and  y-polarizations  by  using  a  2-dimensional  (2D)  beam  propagating  method  (BPM)13.  The 
insertion  losses  of  the  typically  designed  waveguide  optical  polarization  splitter  for  the  x-  and  y-polarizations  are  0.14 
dB  and  0.2  dB,  respectively.  It  has  also  been  confirmed  that  the  crosstalks  are  <-35  dB. 

2.PRINCIPLE 

In  this  section  we  describe  the  principle  of  the  proposed  waveguide  polarization  splitter.  Figure  1  shows  the  basic 
configuration  of  the  waveguide  polarization  splitter  to  be  investigated  in  this  work.  A  rectangular  core  with  cross 
section  of  TXT  and  refractive  index  ug  is  formed  at  the  surface  of  a  glass  substrate  with  refractive  index  ns.  We 
assume  that  a  cover  layer  with  thickness  d{  and  refractive  index  nc  is  fabricated  on  the  substrate  since  it  is  necessary  to 
use  the  effective  refractive  index  method  for  2D  BPM.  The  waveguide  optical  polarization  splitter  consists  of  an 
asymmetric  Y  branch,  in  which  one  output  port  is  a  straight  waveguide  for  an  input  waveguide  and  the  other  is  an 
abruptly  bending  waveguide.  The  blanching  angle  between  those  output  waveguides  represents  6  .  At  the  Y 
blanch,  a  microprism  consisting  of  dielectric  periodic  multilayer  is  buried. 

The  periodic  dielectric  multilayer  is  one  of  artificial  anisotropic  media  and  exhibits  large  birefringence.  Here,  we 
consider  the  periodic  multilayer  consisting  of  ultra-thin  layers  of  dielectric- 1  with  the  refractive  index  n1  and  thickness 
d{  and  dielectric-2  with  the  refractive  index  n2  and  thickness  d2  When  those  dielectric  layers  are  thinner  than 
wavelength  Z,  the  effective  refractive  indices  /?pxand  npy  of  the  periodic  dielectric  multilayer  for  the  x-  and  y- 
polarizations  are  approximately  expressed14  as 

npx  =  n,nj  Jqn*  +  (1  -  q)n~  (1) 

npy  =  VO-tfK2  +?W22  (2) 
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Fig.  1  Configuration  of  waveguide  polarization  splitter  using  periodic  dielectric  multilayer, 
where  q  is  a  fill  fraction  of  dielectric-2  defined  as 

q  -  d2 /(dl  +d2).  (3) 

In  the  periodic  dielectric  multilayer,  the  effective  refractive  indices  for  both  polarization  is  between  the  refractive  index 
of  dielectric- 1  and  that  of  dielectric-2.  The  theoretical  effective  refractive  indices  nvx  and  nw  of  tire  periodic  multilayer 
using  alumina  (w,=1.57915)  and  silica  (/72=1.45315)  are  shown  in  Fig.2  as  a  function  of  q.  It  is  confirmed  that  the 
effective  refractive  index  for  the  x-polarization  npx  is  less  than  that  for  the  y-polarization  npy. 

The  dielectric  periodic  multilayer  for  the  microprism  is  designed  so  as  the  effective  refractive  index  for  the  x- 
polarization  become  nearly  equal  to  the  refractive  index  of  the  substrate.  As  the  angle  of  refraction  for  the  x- 
polarization  is  very  small  in  the  microprism,  the  x-polarized  light  propagates  for  the  output  port  consisting  of  the 
straight  waveguide  (blanch- 1)  with  low  loss.  The  prism  is  designed  so  as  the  y-polarized  wave  can  propagate  for  the 
port  consisting  the  abruptly  bending  waveguide  (blanch-2).  Therefore,  in  the  designed  waveguide  polarization 
splitter,  the  x-polarized  light  comes  out  from  the  blanch- 1.  while  the  y-polarized  light  exits  from  the  blanch-2.  As  the 
microprism  is  used,  the  large  blanching  angle  of  9  can  be  realized  with  low  loss  in  comparison  with  conventional  Y 
blanch-tvpe  waveguide  polarization  splitter. 
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Fig. 2  Calculated  effective  refractive  index  of  an  alumina- silica  periodic  multilayer  at  the  wavelength  of  850  nm 

as  a  function  of  fill  fraction  q  of  silica. 


3.DESIGN 

In  tins  Section,  we  design  the  Y  blanch-type  waveguide  polarization  splitter  for  the  wavelength  of  850  nm.  We  chose 
BK7  glass,  which  had  been  often  used  for  glass  integrated  optics,  as  a  substrate.  We  assumed  that  the  refractive 
index  of  the  substrate  ns  is  1.509,  which  is  the  refractive  index  of  the  BK7  glass  at  850  nm.  For  the  core,  we  assumed 
that  the  refractive  index  profile  is  step-index  and  the  cross-section  is  rectangular  for  simplification.  The  refractive 
index  of  core  n%  is  1.510  and  the  core  size  (width  &  depth)  T  is  5  pm  so  as  to  obtain  the  singlemode  waveguide.  We 
also  assumed  that  the  refractive  index  of  cover  layer  nc  is  assumed  to  be  equal  to  that  of  die  core  (1.510)  and  the 
thickness  layer  d(  is  2  p,m.. 

In  this  work,  we  use  alumina-silica  periodic  multilayer  for  a  microprism  as  the  refractive  index  of  the  substrate  ns  of 
1.509  is  between  the  refractive  indices  of  dielectric  materials  consisting  the  periodic  multilayer  (alumina  :  1.579  and 
silica  :  1.453).  As  described  in  Sec. 2,  we  design  the  periodic  multilayer  so  as  to  obtain  the  effective  refractive  index 
for  the  x-  polarization  nearly  equal  to  the  refractive  index  of  the  substrate.  As  we  describe  in  details  in  Sec. 4,  when 
npx  -it,,  insertion  loss  for  the  x-polarized  light  propagating  for  the  output  port  consisting  of  the  straight  waveguide 
(blanch- 1)  becomes  minimum  as  the  angle  of  refraction  for  the  x-polarization  is  very  small  in  the  microprism.  From 
Eq.(l),  it  is  derived  that  the  condition  np=ns  (=1.509)  is  satisfied  when  q  is  0.771.  The  effective  refractive  index  for 
the  y-polarization  npy  of  the  alumina-silica  periodic  multilayer  with  q  =  0.771  is  calculated  to  be  1.529  from  Eq.(2). 

Finally,  we  design  the  microprism  consisting  of  the  alumina-silica  periodic  multilayer  with  q  -  0.771  for  the  Y  blanch 
waveguides  with  various  blanching  angles  6  .  The  microprism  is  designed  so  as  the  y-polarized  wave  propagates  for 
the  port  consisting  the  abruptly  bending  waveguide  with  low  loss  by  using  the  method  proposed  for  the  microprism-type 
bending  waveguide  by  C.  T.  Lee  and  J.  M.  Hsu12.  In  this  work,  we  apply  this  method  to  the  Y  blanch  waveguide 
instead  of  the  bending  waveguide.  We  consider  the  structure  of  the  waveguide  polarization  splitters  schematically 
shown  in  Fig.  3.  In  this  method,  the  parameters  for  the  size  and  position  of  microprism  are  WA,  Wp7  and  Lp,  which  are 
defined  in  Fig.3.  Lee  and  Hsu  proposed  to  evaluate  these  parameters  from  following  equations12; 
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Prism 


Fig.  3  Schematic  views  of  the  proposed  Y  blanch  polarization  splitter  for  design  ot  microprism. 
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where  m=(IVa  -  Wf) /(W.^  lVp),  k0  is  wave  number  of  light  in  free  space,  (3  and  w,ir  represent  the  phase  constant  and 
effective  refractive  index  of  the  waveguide,  respectively. 

4.  THEORETICAL  CHARACTERISTICS 

To  evaluate  the  theoretical  characteristics  of  the  designed  Y  blanch  waveguide  polarization  splitter,  we  calculated  the 
field  distributions  in  the  waveguide  polarization  splitter  for  x-  and  v-polarizations  by  using  a  BPM13.  For  calculations, 
we  used  the  commercially  available  BPM  software  provided  by  Optiwave  Corporation.  For  simplification,  we  used  2D- 
BPM  and  calculate  the  effective  refractive  index  of  the  slab  structure  in  the  x-direction  for  each  part  of  the  waveguide 
polarization  splitter.  We  have  assumed  that  the  microprism  is  fully  thick  and  the  effective  refractive  indices  for  the  x- 
and  y-polarizations  are  equal  to  npx  and  npy,  respectively.  We  have  assumed  that  an  incident  wave  on  the  input 
waveguide  of  the  Y  blanch  is  a  fundamental  mode.  The  optical  losses  have  been  evaluated  from  the  calculation  of 
overlap  integral  between  the  field  distributions  of  the  fundamental  mode  and  die  propagated  wave  calculated  by  the 
BPM.  We  have  assumed  diat  die  length  between  an  input  end  of  the  splitter  and  die  point  Q  defined  in  Fig.3  (i.e.,  the 
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starting  point  of  Y  blanch)  Lm  is  0.5  mm  and  the  length  between  the  point  Q  and  the  output  point  of  the  blanch- 1  Lom  is 
4.5  mm. 

We  have  designed  the  Y  branch  waveguide  polarization  splitters  with  various  blanching  angle  0  between  1°  and  10° 
by  using  Lee  &  Hsu’  method.  Figure  4  shows  the  calculated  optical  losses  for  the  x-polarization  in  the  blanch- 1  and 
for  the  y-polarization  in  the  blanch-2,  which  correspond  to  insertion  losses  of  the  waveguide  polarization  splitters,  as  a 
function  of  blanching  angle.  For  the  waveguide  polarization  splitters  with  the  blanching  angle  between  T  and  T  , 
the  insertion  losses  are  less  than  0.5dB  for  both  polarizations.  The  insertion  loss  for  the  y-polarization  in  the  blanch-2 
becomes  greater  with  the  blanching  angle  when  0  >8°  .  Figure  5  shows  the  calculated  optical  losses  for  the  y- 
polarization  in  the  blanch- 1  and  for  the  x-polarization  in  the  blanch-2,  which  correspond  to  crosstalks  of  the  waveguide 
polarization  splitters,  as  a  function  of  blanching  angle.  The  crosstalks  become  smaller  (that  is,  the  losses  for  the 
polarizations  to  be  extinct  become  larger)  with  the  blanching  angle.  The  blanching  angle  of  >5°  is  required  for  the 
crosstalk  less  than  -30  dB. 


Fig.4  Calculated  insertion  losses  (losses  for  the  x-polarization  in  the  blanch- 1  and  for  the  y-polarization 
in  the  blanch-2)  of  the  designed  waveguide  polarization  splitters  as  a  function  of  blanching  angle. 


Figure  5  Calculated  crosstalks  (losses  for  the  y-polarization  in  the  blanch- 1  and  for  the  x-polarization 
in  the  blanch-2)  of  the  waveguide  polarization  splitters  as  a  function  of  blanching  angle. 
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Next,  to  check  the  accuracy  of  the  microprism  design  based  on  the  Lee  &  Hsu’s  method,  we  calculated  the  insertion 
losses  (that  is.  optical  losses  for  the  x-polarization  in  the  blanch- 1  and  for  the  y-polarization  in  the  blanch-2)  for  the 
waveguide  polarization  splitter  using  the  microprism  designed  for  the  blanching  angle  of  10  as  a  function  of  6  . 
Figure  6  shows  the  calculated  results.  The  insertion  loss  for  the  x-polarization  in  the  blanch- 1  is  slightly  changed 
with  the  blanching  angle.  On  the  other  hand,  the  insertion  loss  for  the  y-polarization  in  the  blanch-2  becomes 
minimum  at  the  blanching  angle  of  9°  .  Therefore,  it  seems  that  any  corrections  for  the  design  of  the  microprism  is 
necessary  to  realize  the  waveguide  polarization  splitters  with  higher  polarization-splitting  characteristics.  We  guess 
that  the  cause  of  error  in  the  design  of  the  microprism  is  application  of  the  design  method  for  the  bencing  waveguide  to 
the  design  of  the  Y  blanch.  Figure  7  shows  the  calculated  insertion  losses  for  the  y-polarization  in  the  blanch-2  of  the 
waveguide  polarization  splitters  with  optimized  blanching  angle  as  a  function  of  8  .  It  is  seen  that  the  insertion  losses 
greatly  decrease  in  the  waveguide  polarization  splitters  with  large  blanching  angle  by  the  optimization. 


Fig. 6  Calculated  insertion  losses  (optical  losses  for  the  x-polarization  in  the  blanch-1  and  for  the  y-polarization  in  the  blanch-2) 
for  the  waveguide  polarization  splitter  using  the  microprism  designed  for  the  blanching  angle  ot  1 0 

as  a  function  of  blanching  angle. 


Fig. 7  Calculated  insertion  losses  for  the  y-polarization  in  the  blanch-2  of  the  waveguide 
polarization  splitters  with  optimized  blanching  angle. 
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Next,  we  describe  the  optimum  effective  refractive  index  of  periodic  dielectric  multilayer  for  the  microprism  for  the  x- 
polarization  npx.  Figure  8  shows  the  insertion  losses  for  the  x-polarization  in  blanch- 1  in  the  waveguide  polarization 
splitters  design  for  the  blanching  angle  of  5°  and  10"  as  a  function  of  npx.  In  both  waveguide  polarization  splitters, 
the  insertion  loss  becomes  minimum  when  npx  is  1.509  equal  to  the  refractive  index  of  the  substrate.  It  is  also  seen 
that  the  insertion  loss  of  the  waveguide  polarization  splitter  with  large  blanching  angle  is  drastically  changed  with  npx. 
Figure  9  shows  the  optical  losses  for  the  x-polarization  in  blanch-2,  corresponding  to  the  crosstalk,  in  the  waveguide 
polarization  splitters  design  for  the  blanching  angle  of  5°  and  10"  as  a  function  of  npx.  From  this  figure,  it  is  seen  that 
the  crosstalk  is  slightly  depend  on  npx  and  smaller  than  -30  dB.  Therefore,  we  can  conclude  the  optimum  effective 
refractive  index  of  periodic  dielectric  multilayer  for  the  x-polarization  npx  is  equal  to  the  refractive  index  of  the 
substrate  ns. 


Fig.  8  Insertion  losses  for  the  x-polarization  in  blanch- 1  in  the  waveguide  polarization  splitters 
design  for  the  blanching  angle  of  5°  and  10°  as  a  function  of  zzpx. 


Fig. 9  Optical  losses  for  the  x-polarization  in  blanch-2,  corresponding  to  the  crosstalk,  in  the  waveguide  polarization  splitters 
design  for  the  blanching  angle  of  5°  and  10°  as  a  function  of  npx. 
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Finally,  we  show  the  structural  parameters  and  optical  characteristics  of  typically  designed  Y  blanch  waveguide 
polarization  splitter.  For  the  waveguide  polarization  splitter  with  the  blanching  angle  with  5.8°  ,  the  most  optimum 
structural  parameters  are  as  follows;  for  the  alumina-silica  periodic  multilayer,  the  fill  fraction  q  of  0.771  («px=  1.509  and 
npy=  1.529),  for  the  microprism,  Wa  of  6.86  mm,  Wp of  40.3  n  m  and  Lp  of  172  u  m,  respectively.  As  summarized  in 
Table  1,  the  optical  losses  are  0.14  dB  for  the  x-polarization  in  the  blanch-1  and  0.20  dB  for  the  y-polarization  in  the 
blanch-2,  which  correspond  to  insertion  losses.  For  the  crosstalks,  the  optical  losses  are  50  dB  for  the  x-polarization 
in  the  blanch-2  and  38  dB  for  the  y-polarization  in  the  blanch-1.  In  addition,  we  also  show  the  field  distributions  in  the 
designed  waveguide  polarization  splitter  in  Fig.  10. 


Table  1  Optical  losses  of  the  typically  designed  waveguide  polarization  splitter 
with  the  blanching  angle  with  5 . 8  . 


Loss  (dB) 

Polarizatio  Branch- 1 

Branch -2 

x  0.14 

50 

00 

CO 

>> 

0.20 

(b)  y-polarization 


Fig.  10  Field  distributions  in  the  designed  waveguide  polarization  splitter  calculated  2D  BPM. 


5.  CONCLUSION 

We  have  proposed  and  theoretically  investigated  a  new  type  of  waveguide  optical  polarization  splitter.  The 
waveguide  optical  polarization  splitter  is  composed  of  Y  branch  waveguide  and  a  microprism  consisting  of  dielectric 
periodic  multilayer.  As  the  dielectric  periodic  multilayer  lias  large  birefringence,  the  x-  and  y-polarized  propagating 
waves  are  refracted  with  different  angle  at  the  microprism.  An  asymmetric  Y  branch,  in  which  one  output  port  is  a 
straight  waveguide  for  an  input  waveguide  and  the  other  is  an  abruptly  bending  waveguide,  is  used  for  the  design.  In 
the  waveguide,  the  refractive  indexes  of  the  core  and  substrate  (cladding)  are  1.51  and  1.509,  respectively.  The 
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dielectric  periodic  multilayer  for  the  microprism  has  been  designed  so  as  the  effective  refractive  index  for  the  x- 
polarization  become  equal  to  the  refractive  index  of  the  substrate.  Therefore  the  x-polarized  wave  propagates  for  the 
output  port  consisting  of  the  straight  waveguide  with  low  loss.  The  prism  lias  been  also  designed  by  using  the 
method  for  the  microorism-type  of  bending  waveguide  proposed  by  C.  T.  Lee  and  J.  M.  Hsu  so  as  the  y-polarized  wave 
propagates  for  the  port  consisting  the  abruptly  bending  waveguide  with  low  loss.  The  insertion  losses  of  the  typically 
designed  waveguide  optical  polarization  splitter  with  the  blanching  angle  of  5.8°  for  the  x-  and  v-polarizations  are 
0. 14  dB  and  0.2  dB,  respectively.  It  has  also  been  confirmed  that  the  crosstalks  are  <-35  dB. 
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ABSTRACT 

A  new  method  for  solving  the  wave  equation  is  presented,  which,  being  non-paraxial,  is  applicable  to  wide-angle  beam 
propagation.  It  shows  very  good  stability  characteristics  in  the  sense  that  relatively  larger  step-sizes  can  be  used.  It  is 
both  faster  and  easier  to  implement.  The  method  is  based  on  symmetrized  splitting  of  operators,  one  representing  the 
propagation  through  a  uniform  medium  and  the  other,  the  effect  of  the  refractive  index  variation  of  the  guiding  structure. 
The  method  can  be  implemented  in  the  FD-BPM,  FFT-BPM  and  collocation  schemes.  The  method  is  stable  for  a  step 
size  of  1  micron  in  a  graded  index  waveguide  with  accuracy  better  than  0.001  in  the  field  overlap  integral  for  1000- 
micron  propagation.  At  a  tilt  angle  of  50°,  the  method  shows  an  error  less  than  0.001  with  0.25-micron  step.  In  the 
benchmark  test,  the  present  method  shows  a  relative  power  of  -0.96  in  a  100  micron  long  waveguide  with  1000 
propagation  steps  and  800  sample  points,  while  FD-BPM  with  Pade(2,2)  approximation  gives  a  relative  power  of  0.95 
with  1000  sample  points  and  2048  propagation  steps.  Thus,  the  method  requires  fewer  points,  is  easier  to  implement, 
faster,  more  accurate  and  highly  stable. 

Keywords:  BPM-Beam  Propagation  Method.  Pade  approximant.  collocation,  wide-angle  propagation. 


1.  INTRODUCTION 

Non-paraxial  beam  propagation  techniques  have  become  very  important  in  modeling  of  optical  waveguides  and 
photonic  devices  as  these  lead  to  more  accurate  modeling  of  beams  propagating  at  large  angles  with  respect  to  the 
direction  of  propagation,  and  are  capable  of  handling  large  changes  in  the  refractive  index.  Some  wide-angle  schemes 
are  capable  of  handling  reflections  and  bi-directional  propagation  as  well.1"13  Non-paraxial  propagation  involves  solution 
of  the  wave  equation,  which  contains  a  second  order  partial  derivative  with  -  (the  general  direction  of  propagation)  as 
against  the  first  order  partial  derivative  in  the  paraxial  wave  equation.  Most  methods  for  non-paraxial  beam  propagation 
discussed  in  the  literature  approach  this  problem  iteratively,  in  which  a  numerical  effort  equivalent  to  solving  the 
paraxial  equation  several  times  is  involved.  The  actual  number  of  iterations  depends  on  the  desired  accuracy  and  the 
obliquity  of  the  beam.  Many  of  these  methods  neglect  the  backward  propagating  components  and  solve  the  one-way 
wave  equation;  but  even  methods  that  deal  with  bi-directional  propagation  employ  special  techniques  either  to  suppress 
or  to  model  evanescent  modes,  which  are  a  source  of  instability  in  these  methods.8 10  In  all  these  methods,  the  square 
root  of  the  propagation  operator  involved  in  the  wave  equation  is  approximated  in  various  ways.  One  of  the 
approximations  used  is  based  on  the  Pade  approximants.1'11  In  some  recent  results,  we  have  shown  that  a  direct 
numerical  solution  (DNS)  of  the  scalar  wave  equation  gives  very  good  accuracy  and  is  also  numerically  efficient.  The 
method  is  non-paraxial  and  hence,  is  applicable  to  wide-angle  as  well  as  to  bi-directional  propagation.  We  used  the 
collocation  method15'17  to  formulate  our  equations.  Here,  we  present  a  new  method  to  solve  the  non-paraxial  wave 
equation  using  symmetrized  splitting  of  the  operators.  Examples  show  that  this  method  is  more  tolerant  to  larger  step 
sizes  than  other  methods  including  the  DNS.14 


2.  THEORY 


2.1  Mathematical  Outline 

In  this  section  we  present  the  mathematical  outline  of  the  technique  and  its  implementation.  We  discuss  here  the 
solution  of  the  two-dimensional  scalar  wave  equation  which  can  be  represented  by  the  Helmholtz  equation: 


d2y/  d2y 


+  k$n2(x,z)  y(x,z)  =  0. 


(1) 
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where  y/(x,  z)  represents  one  of  the  Cartesian  components  of  the  electric  field  (generally  referred  to  as  the  scalar  field) 
and  n2(x>  z)  defines  the  refractive  index  distribution  of  the  medium.  The  time  dependence  of  the  field  has  been  assumed 
to  be  tiox  and  k0  =  cofc  is  the  free  space  wave  number. 


Equation  1  can  be  rewritten  as 

—  =  H(;)4>(-), 

oz 


where 


<*>(;)  = 


¥ 

dy/ 

~ 


H(c)  = 


0  1 
-V2  -kin2  0 


(2) 

(3) 


The  operator  H  can  be  written  as  a  sum  of  two  operators,  one  representing  the  propagation  through  a  uniform  medium  of 
index,  say  ,  and  the  other  representing  the  effect  of  the  index  variation  of  the  guiding  structure;  thus, 


H(z)  =  Hl+H2(z) 


0  f 

0 

0“ 

+ 

_kl(n2r  -n2) 

0 

(4) 


A  formal  solution  of  Eq.  2,  after  using  the  symmetrized  splitting  of  summation  of  operators  as  in  Eq.  4,  can  be  written  as 


0>(c  +  Ac)  =  P  Q(c)  P  <D(c) + o((Az) 3 ) 


(5) 


P  = 


jHjA: 

e- 


Q(')  =  e 


H,A c 


(6) 


The  operator  P  represents  propagation  in  the  uniform  medium  nr  over  a  distance  of  Az/2  ,  and  hence,  can  be  evaluated 
using  any  method  like  the  collocation,  finite-difference  or  FFT  methods.  The  operator  Q(^)can  also  be  easily  evaluated 
due  to  the  specific  form  of  the  matrix  and  it  can  be  easily  seen  that 


1 


Q(s)  = 


ko(n;  -n~)Az 


0 

1 


since. 


(H2)m  =  0,  m  >2 


(7) 


(8) 


due  to  the  special  form  of  the  matrix  H2 .  It  may  be  noted  that  for  lossless  propagation  the  matrix  P  would  be  Hermitian, 
while  the  matrix  Q  always  has  a  determinant  value  equal  to  unity.  We  discuss  below  the  implementation  of  this 
procedure  in  the  collocation  method. 

In  the  collocation  method,  the  wave  equation  is  converted  to  a  matrix  ordinary  differential  equation  using  the 
representation  of  the  field  y/(x,  z)  as  a  linear  combination  of  a  set  of  orthogonal  basis  functions,  <j)n  (x) : 


N 

if/(x,:.)  =  'YJc„(z)  <pn  U) 

//=1 


(9) 
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where  cn(z)  ‘ire  the  expansion  coefficients,  n  is  the  order  of  the  basis  functions  and  N  is  the  number  of  basis  functions 
used  in  the  expansion.  The  choice  of  </>„  (jc)  depends  on  the  boundary  conditions  and  the  symmetry  of  the  guiding 
structure.  The  coefficients  of  expansion,  cn(z) .  are  unknown  and  represent  the  variation  of  the  field  with  z  ■  In  the 
collocation  method,1517  these  coefficients  are  effectively  obtained  by  requiring  that  the  differential  equation,  Eq.  1,  be 
satisfied  exactly  by  the  expansion,  Eq.  9,  at  N  collocation  points  Xj,  j  =  1,2,....,  N ,  which  are  chosen  such  that  these  are 

the  zeroes  of  0N+l  (x) .  Thus,  using  this  condition  and  with  some  algebraic  manipulations,1517  one  converts  the  wave 
equation,  Eq.  1,  into  a  matrix  ordinary  differentia]  equation: 

^-  +  [s0+/r02n;I  +  R(;)]4'(-)  =  0  (10) 

with 


- 1 

y— 1 ■«. 

f  1 

_ 1 

0 

0 

y/(x2,z) 

0 

An2(x2,z) 

,  R  (=)  =  *0" 

0 

•>  z)_ 

0 

0  An2(xN,z) 

where  An2(xm,z)  =  n2(xm,z)-n2  ,  m  =  1, 2, ---, N ,  and  S0  is  a  constant  known  matrix  defined  by  the  basis 
functions.1517  We  refer  to  Eq.  10  as  the  collocation  equation.  In  deriving  this  equation  from  the  wave  equation,  Eq.  1,  no 
approximation  has  been  made  except  that  N  is  finite  and  Eq.  10  is  exactly  equivalent  to  Eq.  1  as  N  Thus,  the 

accuracy  of  the  collocation  method  improves  indefinitely  as  N  increases.  The  collocation  equation  is  a  matrix  ordinary 
differential  equation  and  can  be  solved  as  an  initial  value  problem  using  any  standard  method  such  as  the  Runge-Kutta 
method  as  we  have  done  in  the  DNS.14  Here  we  solve  this  equation  using  the  split  step  procedure. 

We  have  chosen  here  a  set  of  sinusoidal  functions  as  the  basis  functions16-17  and  following  the  symmetrized 
splitting;  of  operators  procedure,  we  obtain  the  formal  solution  of  Eq.  10  as  in  Eq.  5,  with  the  opeiators  P  and  Q,  and  the 
field  function  <D  now  being  block  matrices: 


’  V 

[ A  "  " 

<&(:.)  = 

d\|/ 

,  P  =  QXp< - 

2 

„  dz  _ 
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-(S0  +kQii~l) 


Q(z) 


I  0 

R(c)  I 


(12) 


where  I  and  0  the  unit  and  null  matrices,  respectively.  The  operator  P  represents  propagation  in  uniform  medium  of 
index  over  a  distance  of  Az/2  and  can  be  easily  obtained  as  a  constant  square  matrix  using  the  basis  functions  and 
their  properties.17  P  has  to  be  evaluated  only  once.  Each  propagation  step  thus  requires  only  simple  matrix 
multiplications.  A  further  advantage  in  using  the  sinusoidal  basis  functions  in  the  collocation  method  is  that  no  FFT, 
matrix  inversion  or  matrix  diagonalization  need  be  done  for  propagation  through  uniform  medium  and  all  matrices 
involved  are  obtained  analytically;  the  details  are  given  in  the  section  below. 


2.2  Evaluation  of  P 

The  operator  P  amounts  to  a  solution  of  the  collocation  equation,  Eq.  10,  without  the  R(c)  term,  i.e.,  propagation  in  a 
medium  of  uniform  refractive  index,  nr  over  a  distance  of  A  ~ .  That  is,  solution  of  the  equation: 


d2T 

dz2 


+  S  T(;)  =  0 


(13) 
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where  S  =  S0  +  n;.\  is  a  constant  matrix.  Equation  13  can  also  be  written  as 


3a> 

dz 


=  H4c P(z) 


where  <X>(z)  is  defined  in  Eq.  12,  and 


Hj  = 


0 

-s 


I 

0 


is  a  constant  matrix  and  has  to  be  evaluated  just  once.  A  formal  solution  Eq.  (14)  can  be  written: 
<D(c  +  Ac)  =  eH|A-' (!>(•). 


(14) 


(15) 


H.Ac 

The  evaluation  of  C  1  can  be  done  by  diagonalization  of  H,  which  may  involve  complex  matrix  algebra.  A  simpler 
and  more  elegant  method  is  by  eigenvalue  decomposition  utilizing  the  special  properties  of  the  sinusoidal  basis 
functions. 

As  Eq.  13  represents  propagation  in  a  uniform  medium,  the  propagation  can 
decomposition  method.  Thus,  the  solution  of  Eq.  13  over  a  single  step  can  be  written  as 

be  obtained  by  eigenvalue 

T(c  +  A z)  =  cos(-JSAz)yV(z)  +  -r=sm(-JSAz.)'V\z) 

Vs 

(16) 

V'U  +  A z)  =  -VS  sin(Vs A ;)T(;)  +  cos(VSA-)T'( ') . 

(17) 

Using  this  solution  in  Eq.  15  gives 

H  A_  {  cos(VSAc)  -^=sin(VSAc) 

eH|A~  *  VS 

,-VSsin(VSA;)  cos(VSAz)  , 

(18) 

In  order  to  evaluate  the  functions  of  the  matrices  involved  in  Eq.  18,  we  use  the  diagonalization  procedure.  Thus,  let 
S  =  V  A  V”1  where  V  and  A  are  the  eigenvectors  and  eigenvalues  of  S  ,  respectively.  Then,  we  have 

VSAc  =  V  (VAAc)  V  1  with  Va  =  diagX^) , 

(19) 

and 

cos(  Vs  Ac)  =  V  cos(Va  Ac)  V  “i 

(20) 

sin(VSAc)  =  V  sin(VAAc)  V”1 

(21) 

Thus 
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v  o\  cos(VaAc)  -^=sin(VAAc)  fv_1  0  ' 

V A  ,  • 

°  V'  -VAsin(VAA^)  cos(VaAc)  _/  ' 


The  operator  P  in  Eq.  12  is  thus  given  by  Eq.  22  with  Ar  replaced  by  A  z/2  . 

In  the  case  of  sinusoidal  basis  functions  in  the  collocation  method,16  the  form  of  S  is  such  that  the  eigenvalue 
decomposition  required  as  per  Eq.  19  is  simply  done  analytically.  In  this  case,  we  choose  the  basis  functions  as 

<pn  (x)  =  cos(k„  x)  for  n  =  1,3,5,  •  •  •  N  - 1 

(23) 

=  sin(K„jr)  for  n  =  2,4,6,  •••  N 

where  vn  =  nn  1 2L ,  with  computation  window  being  from  -L  to  L.  The  collocation  points  are  at 


x  —  -Zl — i  l  j  =  L23-,N 

1  [N  +  l 


The  matrix  S  in  this  case  is  then  given  by 
S  =  AG  A-1  +k;nf I  =  A(G  +  A-^/i,2I)A_i 

where  A  is  a  constant  square  matrix  with  elements  as  Atj  =  <pj  (Xj )  and  the  matrix  G  is  given  by 


G  -diag.(  V{  V'2  vj  •••  Vjj ) . 
Thus,  we  have 

V  =  A  and  Aj  =  k~n }  vj 
Further,  it  can  be  shown  that 


V-1  =A-1 


— - — |  Ar 

A  +  lJ 


Thus,  no  matrix  eigenvalue  equation  need  be  solved.  With  these  values  of  V  and  A ,  one  obtains  from  Eq.  22. 
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where 
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In  cases,  where  Ai  is  imaginary  [see  Eq.  27],  the  quantities  cn  s;  and  Sf  remain  real  and  sine  and  cosine  functions  are 
evaluated  through  the  corresponding  hyperbolic  functions. 

3.  NUMERICAL  TESTS  AND  RESULTS 

In  order  to  test  the  performance  of  the  method,  we  include  here  some  examples.  We  consider  the  propagation  of  a 
mode  in  a  tilted  waveguide.  Figure  1  shows  the  geometry  of  the  test  problem.  The  mode  is  launched  into  the  tilted 
waveguide  and  after  the  mode  has  propagated  to  a  distance  of  100  jum  ,  the  overlap  integral  between  the  input  field  and 

the  calculated  field  is  calculated.  More  exactly,  we  define  a  Correlation  Factor  ( CF ) : 


This  factor  measures  both  loss  in  power  of  the  propagating  mode  as  well  as  loss  of  shape  of  the  mode.  A  value  of  unity 
for  the  correlation  factor  implies  perfect  propagation,  without  loss  in  either  power  or  shape.  Therefore  error  is  defined  as 
1  -CF. 


Fig.  1  Geometry  of  the  waveguide  propagation  problem,  nco  and  nci  represent  the  refractive  index  in 

the  core  and  cladding  of  the  waveguide 


In  the  first  example  we  consider  the  propagation  of  the  fundamental  mode  of  a  graded  index  waveguide5,  with 
index  profile  given  by  n2(jc)  =  n}  +2nsAn  sech2(2jc/ w) ,  n5=2.1455,  A/z=0.003,  w=5//m  and  h=i.3  jum  .  The 
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Fig.  2  Error  in  propagation  as  a  function  of  the  number  of  propagation  steps  with  Ac 
for  the  graded  index  waveguide.5 


Fig.  3  Error  in  propagation  with  the  tilt  angle  of  the  graded-index  waveguide^  for  propagation  up  to 

100/mi. 


computation  was  done  with  530  collocation  points  and  the  width  of  the  numerical  window  was  about  185  //m  .  Figure  2 
shows  the  performance  of  the  method  in  respect  of  stability  of  the  method  for  relatively  larger  values  of  Ac .  The  direct 
numerical  solution  (DNS)  based  on  the  Runge-Kutta  solution  of  the  collocation  equation14  becomes  unstable  for 
Ac  >0.  l//m ,  whereas  the  SSNP  method  remains  stable  even  for  1  //m .  In  Fig.3,  we  have  plotted  the  error  in 
propagation,  1-CF,  as  a  function  of  the  tilt  angle.  The  figure  shows  that  the  SSNP  method  gives  accuracy  of  the  order  of 
10'4  even  with  a  step  size  of  0.25  jum ,  which  is  much  better  than  those  obtained  by  Shibayama  et  al:  To  illustrate  the 

point,  let  us  consider  the  error  for  a  tilt  angle  of  50° .  The  error  in  the  best  results  reported  by  Shibayama  et  al 5  for  the  3- 
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step  GD  scheme  is  about  0.04  with  A~=0.05//m,  whereas  in  our  method  the  error  is  less  than  0.001  with 
A  -  =0.25  jUm  .  This  would  thus  mean  much  faster  and  accurate  propagation.  Of  course,  one  gets  better  accuracy  with  the 
DNS  as  the  single  step  error  in  the  Runge-Kutta  method  (used  in  the  DNS)  is  o((A^)5)  as  against  6>((A-)3)  in  the 
SSNP  method,  but  then  the  computation  effort  is  significantly  reduced  with  the  latter  method. 

For  numerically  more  intensive  tests  we  consider  the  propagation  of  the  TE!  mode  in  step  index  waveguides. 
Fig.  4  shows  a  plot  of  1-CFas  a  function  of  the  number  of  propagation  steps  for  the  step  index  waveguide6  with 

nco=  1.002,  ndad  =1.000,  /i=1.0//m,  iv  =15.092 //m .  Even  with  a  step  size  as  large  as  0.4 //m,  the  propagation  is 

extremely  stable  and  highly  accurate.  Fig.  5  shows  performance  with  variation  in  tilt  angle  of  the  waveguide.  We  can  see 
that  the  present  method  and  DNS14  curves  are  very  close,  except  for  SSNP  method  with  step  size  0.4  jum  at  0°  where 
error  is  higher.  However,  the  error  value  even  with  0.4  // m  step  size  is  better  than  that  reported  by  Yamauchi  et  a!.6  at 
50°.  The  SSNP  method  gives  better  accuracy  with  twice  the  step  size  used  by  Yamauchi  et  at. 6  and  in  DNS;14  in  fact, 


Fig.  4  Error  in  propagation  as  a  function  of  the  number  of  propagation  steps 
with  A-  for  the  step  index  waveguide.6 


Fig.  5  Error  in  propagation  with  the  tilt  angle  of  the  step-index  waveguide6  for  propagation 

up  to  100  jum  . 
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only  500  computation  points  are  required  as  against  1800  by  Yamauchi  et  ai 

Figures  6  and  7  show  performance  of  the  method  for  the  TEj  mode  in  the  benchmark  waveguide  with 
n  -3.3,  n  -3 .17,  A  =1.55 //m,  w  =8.8  jum  .  As  the  refractive  index  change  from  core  to  cladding  is  very  large 
here,  only  small  step  sizes  can  be  taken,  yet  the  SSNP  method  is  stable  for  a  step  size  of  0.2 //m  ,  as  shown  in  Fig.  6.  In 
fact,  the  performance  at  large  tilt  angles  with  0.2  //m  is  quite  close  to  that  for  the  DNS,  as  shown  in  Fig.  7. 


Fig.  6  Error  in  propagation  as  a  function  of  the  number  of  propagation  steps  with  Ac  for  the 
benchmark  step-index  waveguide 1 9 . 


Fig.  7  Error  in  propagation  with  the  tilt  angle  of  the  benchmark  step-index  waveguide19  for 

propagation  up  to  100  jum  . 


We  also  discuss  the  results  for  propagation  of  the  TE10  mode  in  the  benchmark  waveguide  and  compare  the 
results  for  power  loss  in  propagation  of  the  mode  after  100  //m  at  20°,  designated  as  the  benchmark  test,  the  results  ate 
summarized  in  Table  1 .  Nx  represents  the  number  of  points  in  the  transverse  direction  and  Nz ,  the  number  of  longitudinal 
or  propagation  steps.  It  is  quite  obvious  that  the  most  accurate  method  would  be  the  one,  which  shows  highest  power  in 
the  mode  after  the  propagation.  The  present  method  requires  fewer  number  of  computation  points,  800,  as  against  1311 
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and  2048  in  AMGO19  and  FD2BPM19  respectively,  while  still  yielding  higher  power.  This  clearly  shows  that  even  for 
the  most  stringent  tests,  the  split  step  procedure  performs  better  than  most  other  methods. 


Table  i :  Comparison  of  error/power  loss  in  propagation  to  100  jUm  in  the  benchmark19  step  index  waveguide  for  TE|0 

mode  using  different  methods. 


Method 

Nz 

Nx 

Power  in  waveguide  at  20° 

SSNP 

1000 

800 

-0.96 

DNS14 

1000 

800 

-0.90 

AMIGO19 

1429 

1311 

-0.95 

FD2BPM19 

1000 

2048 

-0.95 

FTBPM19 

1000 

256 

-0.55 

LETI-FD19 

200 

1024 

-0.15 

4.  SUMMARY  AND  CONCLUSIONS 

We  have  presented  the  split  step  non-paraxial  (SSNP)  method,  a  wide-angle  propagation  method,  based  on 
symmetrized  splitting  of  the  propagation  operator.  We  have  described  the  implementation  of  this  method  in  the 
collocation  method,  however  it  can  be  implemented  using  other  methods  such  as  the  FD-BPM  and  the  FFT-BPM,  as 
well.  The  strength  of  this  method  lies  in  that  the  beam  propagation  is  done  mathematically  by  simple  matrix 
multiplication  and  that  no  numerical  matrix  diagonalization  or  inversion  is  required.  The  method  is  highly  stable  and 
even  with  large  step  sizes,  for  which  other  methods  become  unstable,  the  method  allows  stable  and  accurate  beam 
propagation.  The  method  is  faster  and  easier  to  implement  and  is  more  efficient  than  other  methods.  The  numerical 
examples  comparing  the  present  method  with  those  reported  in  the  literature  show  clearly  the  advantages  of  the  present 
method. 
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Abstract 

Two  schemes  are  developed  to  improve  the  computational  accuracy  of  the  full- vectorial  imaginary-distance  beam 
propagation  method  (FV-ID-BPM).  In  the  first  scheme,  the  cross-coupling  terms  (CCTs)  demanded  for  the  FV  analysis 
are  expressed  in  explicit  forms,  which  are  independent  of  specific  types  of  waveguides,  by  using  an  improved 
finite-difference  formula.  In  the  second  one,  the  generalized  Douglas  (GD)  scheme  is  adopted  for  discretizing  the 
second-order  partial  derivatives  in  the  FV-ID-BPM  equations.  A  detailed  comparative  study  between  the  two  schemes  in 
improving  the  computational  accuracy  is  performed  by  taking  a  strongly-guiding  rib  waveguide  as  a  testing  example. 
The  highest  accuracy  is  demonstrated  in  case  of  the  combination  of  the  two  schemes.  Nevertheless,  the  improved  FD 
formula  for  the  CCTs  is  proved  to  play  a  much  more  significant  role  than  the  GD  scheme  in  improving  the  computational 
accuracy.  Moreover,  the  effectiveness  of  the  GD  scheme  diminishes  as  the  FD  grid  is  refined. 

Index  terms:  imaginary-distance  beam  propagation  method;  cross-coupling  term;  the  generalized  Douglas  scheme. 

L  Introduction 

The  imaginary-distance  beam  propagation  method  (ID-BPM),  based  on  the  finite-difference  (FD)  scheme,  has  been 
widely  used  for  computing  eigenmodes  of  arbitrary-shaped  index-guiding  optical  waveguides  [1-3].  In  the  imaginary 
propagation  context,  the  fundamental  mode  always  dominates  after  a  sufficiently  long  propagation  since  it  has  the  largest 
effective  index,  hence  the  largest  amplification  coefficient  among  all  modes  [1].  Asa  result,  the  fundamental  mode  can 
be  extracted  spontaneously,  while  the  higher  order  modes  can  only  be  computed  by  subtracting  the  previously  obtained 
lower  order  modes  at  each  numerical  propagation  step  [1]. 

The  accuracy  of  the  ID-BPM  strongly  depends  on  the  discretization  schemes  for  the  cross-coupling  terms  (CCTs)  and 
the  second-order  partial  derivatives,  if  for  the  full-vectorial  analysis  purpose,  in  the  BPM  equations.  A  direct 
discretization  for  the  CCTs  has  been  proved  to  result  in  poor  convergence  behavior  [4-5].  On  the  other  hand,  the  simple 
three-point  formula  for  the  second-order  partial  derivatives  does  not  ensure  the  second-order  truncation  error  due  to  the 
discontinuity  of  electric  fields  at  optical  interfaces  [6].  Therefore,  there  have  been  some  attempts  to  develop  improved 
formulas  for  discretizing  the  CCTs  and  the  second-order  partial  derivatives  to  restore  the  truncation  error  [6-9].  In  one  of 
our  attempts,  the  CCTs  are  treated  by  a  short  form  for  mixed  partial  derivatives,  which  has  been  proposed  for  modeling 
of  seismic  wave  propagation  [10].  Unlike  the  improved  formula  developed  in  [7],  the  present  one  is  expressed  in  explicit 
forms  and  does  not  rely  on  specific  types  of  waveguides,  thus  makes  the  FVBPM  programming  much  easier.  In  the  other 
one  of  our  attempts,  the  second-order  partial  derivatives  are  treated  by  the  generalized  Douglas  (GD)  scheme,  which  has 
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been  demonstrated  to  dramatically  improve  the  computational  accuracy  in  the  scalar-wave  or  semivector  mode  analysis 
[8-9].  The  numerical  experiments,  in  which  a  strongly-guiding  rib  waveguide  is  taken  as  a  testing  example,  are  then 
performed  to  test  the  effectiveness  of  the  two  schemes. 


n.  The  FV-ID-BPM  Formulation 

Considering  the  paraxial  approximation  for  the  FV-BPM,  the  propagation  of  the  electromagnetic  wave  is  governed 
by  the  following  two  coupled  equations  with  Ex  and  Ey  defined  as  the  x  and  y  polarized  electric  fields,  respectively, 


oz 

where 
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,  fie  {A,y},  <7  =  2  jk0n0,  and  y  =  k2\i(x,y,z)2  -nfi  J,  in  which  k0,  n0,  and  n(x,  y,  z)  denote 


the  free-space  wavenumber,  the  reference  index,  and  the  index  profile,  respectively. 

After  discretizing  with  the  Crank-Nicholson  (CN)  scheme  and  adopting  the  alternating  direction  implicit  (ADI) 
method,  (1)  becomes  [11] 


Az\DVY+y/2  0 
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Az\D„+y/2  Dxy 
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2 a  l  0  Dvv  +  y/2 
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which  results  in  two  tridiagonal  systems  of  linear  equations  and  can  be  solved  efficiently.  The  idea  behind  the  ADI 
method  is  that  the  propagation  is  split  into  two  half-steps,  i.e.,  ( 2  — »z  +  A<;/2)  and  (  z  +  Az  /  2  — >  z  +  &Z  )■  We  only 

discuss  the  first  half-step  since  the  treatment  regarding  the  two  half-steps  is  the  same.  For  the  first  half-step,  Ex  and 
E  ai'e  governed  by 
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^  =2  (D„Ex+D„Er)'  +  iEx* 

dz 


=  2(DjXU2  +  fi,"+'n 


a-X  =2(DXXEV)"  +  }E%: 


=  2  (DjY+Djxr+i/2+A'"U2 


in  which  (6)  and  (8)  can  be  explicitly  solved,  while  (7)  and  (9)  result  in  two  tridiagonal  matrices  and  should  be  solved 
implicitly. 

The  standard  FV-BPM  formulation  described  above  can  be  turned  into  an  efficient  mode  solver  by  simply  replacing 
Z  by  if,  where  /  denotes  the  imaginary  symbol  and  T  is  the  propagation  distance  [1]. 

m.  Novel  FD  formula  for  the  cross-coupling  terms 

Instead  of  the  direct  discretization,  we  treat  the  CCTs  Da0E »  as  shown  in  (4)  by  a  short  form  for  mixed  partial 


derivatives,  which  has  been  proposed  for  modeling  of  seismic  wave  propagation  [10].  In  a  general  case,  a  short  form  of  a 

a  f  df) 

mixed  partial  derivative,  expressed  by -  a -  ,  can  be  approximated  by  a  FD  form  as 

da  l  dp  J 


3  f  3/ 


1  a0A  +  aao 


dal  dp)  Adadpl  2 


(/l.O  "I"  /l.l  /-I.0  /- 1.1  ) 


a0_,  +a 


As  a  result,  the  cross  coupling  terms  can  be  expressed  by 


Proc.  of  SPIE  Vol.  5349  145 


Sa^p  8  n0kAaA/3 


2/7  2  (/7?  +  l,/7  +  1,/) 
n2(m  + 1  ,n,l)  +  n2(m,n,l) 


■  Ep{m  +  1,/z  +  l) 


2/7  2  (jm  +  1,77  -1,/  ) 

77  2  (  777  +  1,  77,  / )  +  77  2  (  777  ,  77,  /) 

2/7  2  (777  -  1,77  +  1,/) 

77  2  (  777  -  1,  77,  l)  +  H'  ( 777 ,  77,  /) 

2/7  2  (777  -  1,77  -  1,/) 

77  2  (  777  —  1,  77,  /)  +  77 2  (  777  ,  77,  /) 

2/7  2  (777,  77  +  1,/) 


■  — 1  •  £3(777  +  1,77-1)  - 

1  •  Ep  (777  - 1, 77  + 1) 

-  —  1 1  •  E  p  (in  —  1, 77  —  1)  + 
2/7 2  (777, 77  +  1,  /) 


77  2  (  777  +  1,77,/) +  77  2  (  777,  77,/)  772  (  777  -  1,  77,/) +  77  (/77  ,  77,/)J 

2/7 2  (777, 77  -  1,/) _ 2/7 2  (777,77  -  1,/) 

77  2  (ill  +  1,77,  /)  +  77  2  (  777  ,  77,  /)  77  2  (ill  -  1,  77,/)  +  77  2  (/77  ,  77,/)  J 


Ep  (777  ,  77  +  1)- 
£3(777, 77  -1)| 


(ID 


where  t)f^  denotes  the  difference  operator  representing  Dap  ,  —  777 A <7  ,  /?  —  ftA/?  ,  Z  —  /Az  ,  and 

n(m,  n,/)  denotes  the  index  distribution,  in  which  ni ,  /i  ,  and  /  are  integers.  In  compaiison  with  the  direct 
discretization  shown  in  [4],  the  numerators  corresponding  to  the  dielectric  constant  in  each  term  of  the  present  formulas 
are  the  average  value  of  two  adjacent  grid  points,  e.g.,  n~(m  +  l,ft,/)  is  replaced  by 

[/72  (777  +  1,77,/)  +  77 2  (ill, 77,/)]/ 2  ,  and  as  a  result,  two  more  grid  points  corresponding  to  electric  fields  are  added  on 

the  right  side  of  each  equation.  The  present  formula  takes  more  adjacent  grid  points  for  electric  fields  and  index 
distribution  into  account  than  the  direct  discretization  forms,  which  leads  to  a  substantial  improvement  in  accuracy. 


IV.  FORMULATION  OF  THE  GENERALIZED  DOUGLAS  SCHEME 


The  application  of  the  GD  scheme  to  (7)  and  (8)  is  trivial  as  the  Talylor's  series  expansion  regarding 
approximated  by  [8-9] 


Dac/E  /}—  detail J 
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DaaEp 


can  be 


(12) 


where  Saa  denotes  the  difference  operator  used  to  replace  Daa  . 

Unfortunately,  it  is  not  simple  to  apply  the  GD  scheme  to  (6)  and  (9)  due  to  the  existence  of  DapE p  and  the  index 
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V.  Numerical  Simulations 

To  verify  the  effectiveness  of  the  two  schemes 
developed,  a  comparative  study  is  performed  among 
four  methods  i.e.,  Method  1  -  the  direct  discretization 
for  the  CCTs  plus  the  conventional  CN  scheme, 
Method  2  -  the  direct  discretization  for  the  CCTs  plus 
the  GD  scheme,  Method  3  -  (11)  plus  the  conventional 
CN  scheme,  and  Method  4  -  (11)  plus  the  GD  scheme. 
The  numerical  experiments  are  performed  by  taking  a 
strongly-guiding  rib  waveguide  as  illustrated  in  Fig.l, 
which  has  been  used  as  a  classical  benchmark,  as  the 

testing  example  [7,11].  The  structural  parameters  are 

Fig.  1  Rib  waveguide  geometry. 
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Effective  index 


set  as  follows:  n,  =1.0,  n,  =  3.44  ,  n,  =3.4,  IV  =  3 /Jin  ,  and D  =  H  =  0.5 jUm  .  The  wavelength  is  taken  to 

be  1.55 jUm .  The  effective  indexes  of  the  two  fundamental  modes,  i.e.,  the  quasi-TE  and  quasi-TM  modes,  are 

computed  by  Methods  1-4.  The  effective  indexes  obtained  by  the  shifted  inverse  power  method  (SIPM)  in  [11]  are  taken 
to  be  the  standard  for  comparison  as  the  SIPM  was  proved  to  provide  guided  mode  solution  with  high  accuracy  [11].  In 
the  subsequent  simulations,  a  technique  of  updating  the  reference  index  at  each  numerical  step  is  employed  by  following 

[12]  to  get  better  convergence  behavior.  The  propagation  step  size  A Z  is  fixed  to  be  0.1  [lm  and  the  transverse  grid 
size  A  =  Ax  =  Ay . 


3.4080 

3.4065 

3.4050 

3.4035 

3.4020 


<d  3.4029 

■o 

c 

o 

■S  3.4020 
o 

d) 

u= 

LU 

3.4011 


Fig.  2  Convergence  of  the  effective  indexes  versus  the  transverse  grid  size,  (a)  quasi-TE  mode;  (b)  quasi-TM  mode. 
Method  1  -  the  direct  discretization  for  the  CCTs  plus  the  conventional  CN  scheme.  Method  2  —  the  direct 


discretization  for  the  CCTs  plus  the  GD  scheme.  Method  3  -  ( 1 1)  plus  the  conventional  CN  scheme,  and  Method  4 


-(11)  plus  the  GD  scheme. 


Fig. 2  presents  the  convergence  behavior  of  the  quasi-TE  and  quasi-TM  modes  as  a  function  of  the  tiansveise  giid  size 
( A ).  Comparison  between  Method  I  and  2  or  between  Method  3  and  Method  4  demonstrates  that  the  GD  scheme 
presented  in  section  II  evidently  improves  the  computational  accuracy  when  a  relatively  coarse  grid  is  used.  Comparison 
between  Method  1  and  3  or  between  Method  2  and  Method  4  shows  that  the  novel  formulas  for  the  CCTs  also  greatly 
improve  the  computational  accuracy.  Moreover,  it  can  be  seen  that  the  introduction  of  (11)  plays  a  much  more  important 
role  in  improving  the  computational  accuracy  than  the  GD  scheme  if  a  further  comparison  is  made  between  Method  2 
and  3.  The  results  by  Method  3  and  Method  4  or  Methods  1  and  2  almost  converge  with  each  other  as  the  transverse  grid 
size  is  sufficiently  small,  demonstrating  that  under  the  present  condition  the  effectiveness  of  the  GD  scheme  is  not 
apparent  and  the  convergence  behavior  is  almost  governed  by  the  FD  formulas  for  the  CCTs.  The  best  convergence 
behavior  can  be  obtained  once  both  the  GD  scheme  and  the  novel  FD  formulas  for  the  CCTs  expressed  by  (11)  ate 
employed  in  the  FV-ID-BPM.  Table  I  shows  the  comparison  of  effective  indexes  obtained  by  Methods  1-4  and  the  SIPM, 


when  the  transverse  grid  size  is  0,05 jUm  .  It  is  evident  that  the  results  by  Method  3  and  Method  4  lemarkably  agiee  with 
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the  ones  obtained  by  the  SIPM,  and  the  difference  is  on  the  order  of  10"'\  which  is  much  smaller  than  Methods  1-2.  The 
difference  between  Method  3  and  Method  4  is  very  small,  demonstrating  the  GD  scheme  is  not  necessary  to  be  combined 
with  (11)  in  the  FV-ID-BPM  when  a  fine  enough  grid  is  used. 


Method 

Quasi-TE 

Difference 

(Quasi-TE) 

Quasi-TM 

Difference 

(Quasi-TM) 

SIPM  [11] 

3.4023129 

0 

3.4008152 

0 

Method  1 

3.4029487 

0.0006358 

3.4012857 

0.0004705 

Method  2 

3.4029664 

0.0006535 

3.4013485 

0.0005333 

Method  3 

3.4024076 

0.0000947 

3.4008678 

0.0000526 

Method  4 

3.4023695 

0.0000566 

3.4008456 

0.0000304 

Table  I  Comparison  of  effective  indexes  for  the  rib  waveguide  case  obtained  by  Methods  1-4  and  the  SIPM.  Here  A  —  0.05 jUlll 


and  the  results  obtained  by  the  SIPM  are  used  as  the  reference  to  calculate  the  effective  index  difference. 
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Fig. 3  Contour  plots  of  the  calculated  major  and  minor  fields  of  the  quasi -TE  and  TM  modes,  (a)  major  field  of  the  quasi -TE 
mode,  (b)  minor  field  of  the  quasi-TE  mode,  (c)  major  field  of  the  quasi-TM  mode,  (d)  minor  field  of  the  quasi-TM  mode. 
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The  contour  plots  of  the  major  and  minor  fields  of  the  quasi-TE  and  TM  modes  obtained  by  Method  4  are  presented  in 

Fig.  3  (a-d)  after  the  propagation  reaches  the  convergence  in  case  of  A  =  0.05  jAm  .  The  discontinuities  of  the  fields  at 

the  optical  interfaces  are  clearly  shown.  It  is  also  evident  that  the  major  fields  of  the  two  fundamental  modes  have  almost 
the  similar  shape,  whereas  the  two  minor  fields  are  greatly  different  from  each  other. 

VI.  CONCLUSION 

Two  schemes,  i.e.,  an  improved  FD  formula  for  the  CCTs  and  the  GD  scheme,  have  been  developed  and 
demonstrated  to  dramatically  improve  the  computational  accuracy  of  the  FV-ID-BPM.  The  highest  accuracy  is 
demonstrated  in  case  of  the  combination  of  the  two  schemes.  Nevertheless,  the  improved  FD  formula  for  the  CCTs  is 
proved  to  play  a  much  more  significant  role  than  the  GD  scheme  in  improving  the  computational  accuracy.  Moreover, 
the  effectiveness  of  the  GD  scheme  diminishes  as  the  FD  grid  is  refined. 
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ABSTRACT 

In  numerical  wave  propagation  methods,  the  perfectly  matched  layer  (PML)  boundary  condition  is  employed  to  prevent 
spurious  reflections.  However,  PML  takes  additional  resources  in  number  of  computation  points  and  time.  In  this  study, 
the  PML  performance  is  examined  with  change  in  the  distribution  of  sampling  points  and  PML  absorption  profile  with  a 
view  to  optimizing  its  efficiency.  We  have  used  the  collocation  method  in  our  examples.  We  have  found  that  equally 
spaced  field  sampling  points  give  better  absorption  of  beams  under  both  optimal  as  well  as  non-optimal  conditions  for 
lower  PML  widths.  While  at  higher  PML  widths,  unequally  spaced  basis  points  may  be  more  advantageous.  The 
behavior  of  different  absorption  profiles  varies  with  point  spacing.  For  numerical  tests,  Gaussian  beam  propagation  in  a 

homogeneous  medium  is  considered.  Comparing  different  profiles,  we  find  that  a  new  profile  sin p  with  p  =  4  and 
quartic  profiles  are  the  best  in  equally  spaced  points,  while  sin2  and  square  profiles  are  the  best  in  unequally  spaced 
points. 

Keywords:  PML  -  Perfectly  Matched  Layer,  boundary  condition,  absorption  profile,  sampling  points 


1.  INTRODUCTION 


Numerical  methods  for  beam  propagation,  which  propagate  the  total  field,  have  become  very  important  for 
optical  waveguide  and  device  simulation.  These  methods  directly  give  the  total  picture  of  the  field  as  it  propagates 
through  a  waveguide,  which  may  have  a  very  complicated  structure  involving  several  branches  and  variations  in  physical 
characteristics.  Examples  of  some  the  important  methods  used  include  the  FFT-BPM1,  the  FD-BPM'  and  the  collocation 
method.3'7 


A  major  problem  afflicting  all  beam  propagation  methods  is  that  the  infinite  transverse  extent  has  to  be 
represented  by  a  finite  domain  bounded  by  numerical  boundaries.  In  these  methods,  the  numerical  boundary  is 
represented  by  the  extreme  points,  on  which  the  field  is  sampled.  Since  the  whole  numerical  scheme  is  generally  lossless 
the  total  energy  within  the  numerical  window  remains  the  same  and  hence,  any  wave,  which  in  reality  should  leave  the 
numerical  window  region  is  directed  back  into  the  numerical  window  thereby  representing  an  unreal  phenomenon.  The 
conventional  way  to  reduce  the  effect  of  this  problem  is  to  put  a  strongly  absorbing  medium  of  appropriate  thickness  at 
the  edge  of  the  window  thereby  imposing  the  so-called  absorbing  boundary  condition  (ABC).8'11  Another  way  is  to  use 
the  so  called  transparent  boundary  condition  (TBC)  m4  in  which  the  wave  parameters  near  the  edge  of  the  window  are 
so  modified  for  a  given  angle  of  incidence  that  it  represents  an  outgoing  plane  wave  at  that  angle.  Both  these  methods 
have  been  successful  to  a  limited  extent.  Some  time  back,  Berenger15  introduced  the  concept  of  a  perfectly  matched  layer 
(PML)  for  application  with  finite-difference  (FD)  methods.  This  has  been  found  to  be  very  effective  for  applications  to 
optical  wave  propagation  using  the  finite  difference  time  domain  (FDTD)  methods.1 1,16-1 8  In  the  PML  method,  a  layer  of 
a  specially  designed  anisotropic  medium  is  put  at  the  edge  of  the  window.  The  absorption  profile  in  this  window  can  be 
arbitrarily  chosen  subject  to  certain  conditions. 

In  any  implementation  of  the  PML  method  (or  any  other  method),  one  seeks  to  increase  the  absorption  of  the 
undesired  reflections  as  well  as  to  keep  the  thickness  of  the  layer  as  small  as  possible  so  as  not  to  increase  the 
computation  effort  significantly.  In  this  respect,  the  design  of  the  absoiption  profile  of  the  PML  assumes  significance. 
Further,  in  the  numerical  beam  propagation  methods,  the  points  on  which  the  field  is  sampled  are  generally  taken  equally 
spaced.  However,  in  a  number  of  cases  unequally  spaced  points  have  also  been  tried  with  distinct  computational 
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advantage.  In  this  paper,  we  have  implemented  the  PML  method  in  the  collocation  method  of  beam  propagation  and 
have  found  it  very  effective.  Using  this  implementation,  we  have  investigated  the  effect  of  distribution  of  sample  points 
on  the  PML  performance.  We  have  also  investigated  influence  of  different  absorption  profiles  in  the  PML,  including  a 
new  type  of  absorption  profile. 


2.  THEORY 


In  this  section,  we  describe  the  perfectly  matched  layer  (PML)  boundary  condition  and  its  implementation  in  the 
collocation  method.  We  give  details  of  the  collocation  method  and  describe  the  mathematical  formulation  in  defining  the 
two  sets  of  sampling  points-  equally  spaced  and  unequally  spaced,  along  with  their  properties.  We  also  define  the 
different  PML  absoiption  profiles  used. 

2.1  The  perfectly  matched  layer  (PML)  boundary  condition 

In  the  PML  technique,  a  layer  of  an  artificial  anisotropically  absorbing  medium  which  strongly  absorbs  the  waves 
propagating  along  the  x  -direction,  but  does  not  absorb  at  all  the  waves  propagating  along  the  -  -direction  (which  is  the 
general  direction  of  propagation)  is  introduced  at  the  edge  of  the  numerical  window.  Further,  the  layer  is  matched 
perfectly  at  the  interface  with  the  real  window,  so  that  there  are  no  reflections  from  there.  The  perfectly  matched  layer  is 
implemented  as  a  variable  transformation  in  which  the  transverse  coordinate  X  becomes  complex  with  the  imaginary 
part  increasing  gradually  as  one  moves  into  the  layer.11  Thus,  we  introduce  a  transformation  (see  Fig.l) 

X  =  /?(<7)  U) 


with 


h(a)  =  a 

c 

=  x  p  +  J[1  ip(%)]d% 


a<xp 
Xp  <<J  <  xh 


(2) 


where  £  =  a- xp  ;  xp  being  the  edge  of  the  real  medium  and  xh 
profile  function  p(£)  should  be  such  that 
p(0)  =  0=//(0)  for  perfect  matching  at 
x  =  xp  .  The  region  upto  xp  is  termed  as  the 

real  window  while  the  region  between  xp 
and  xh  is  the  PML. 


is  the  edge  of  the  numerical  window.  The  absorption 


in  the  literature.18, 19 
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A  variety  of  profiles  have  been  used 
These  are  all  power  law 
profiles  including  square,  cubic  and  quartic 
profiles: 

p(Z)  =  pJ<A  <7  =  2,3,4,...,  (3) 

It  has  been  shown  that  for  finite  difference 
time  domain  (FDTD)  schemes  the  quartic 
profile  is  better  than  the  usual  square 
profile.18,  19  However,  for  continuous  wave 

propagation  problems  generally  square  , _ _ _ — - 

profile  has  been  used.  We  have  investigated  various  power-law  profiles  for  the  wave  propagation  problems.  We  have 

also  investigated  a  new  profile: 

(4) 


Fig.  1  Geometry  for  the  implementation  of  the  PML  technique. 


p(€)  =  pt>  sin</(^/2 8), 


q  =  2,3,4 . 


where  8  is  the  width  of  the  PML  layer  and  q  defines  the  shape  of  the  profile.  By  choosing  the  power  q  ,  the  strength, 
Po  and  the  width,  8  =  xb  -xp ,  of  the  PML,  the  wave  can  be  absorbed  to  a  desired  level  to  reduce  reflections  into  the 

computation  window. 
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2.2  The  collocation  method 

We  discuss  here  two-dimensional  waveguides  only;  however,  the  method  discussed  can  be  extended  to  three- 
dimensional  structures.  A  2-Z)  waveguide  structure  is  defined  by  its  refractive  index  distribution  n2(x,z).  The 
electromagnetic  fields  that  propagate  through  such  a  dielectric  structure  must  satisfy  Maxwell's  equations.  However,  in  a 
majority  of  practical  waveguiding  structures  (we  will  confine  our  discussion  to  such  cases),  the  relative  variation  of  the 
refractive  index  is  sufficiently  small  to  allow  the  scalar  wave  approximation.  Then,  it  suffices  to  consider  instead  a  much 
simpler  Helmholtz  equation: 

32U/  32x1/ 

^+Z—+tfnHx9zmx,z)=Q9  (5) 

dx-  ozr 

where  T'U*,  c)  represents  one  of  the  Cartesian  components  of  the  electric  field  (generally  referred  to  as  the  scalar  field). 
The  time  dependence  of  the  field  has  been  assumed  to  be  e/ft*  and  k0  =cof  c  is  the  free  space  wave  number. 

In  the  collocation  method,  we  express  the  unknown  field  as  a  linear  combination  over  a  set  of  orthogonal  basis 
function,  <j>n(x ): 

'¥(x,z)=T,cn(z)0„(x)  (6) 

71=1 

where  cw(c)  are  the  expansion  coefficients,  n  is  the  order  of  the  basis  functions  and  N  is  the  number  of  basis  functions 
used  in  the  expansion.  The  choice  of  (pn  (x)  depends  on  the  boundary  conditions  and  the  symmetry  of  the  guiding 
structure.  The  coefficients  of  expansion  cu(z)  are  unknown  and  represent  the  variation  of  the  field  with  z*  In  the 
collocation  method,  these  coefficients  are  effectively  obtained  by  requiring  that  the  differential  equation,  Eq.  5,  be 
satisfied  exactly  by  the  expansion,  Eq.  6,  at  N  collocation  points  Xj ,  j  =  1,2,....,  N  ,  which  are  chosen  such  that  these  are 

the  zeroes  of  (pN+i  (x) .  Thus,  using  this  condition  and  with  some  algebraic  manipulations,3'6  one  converts  the  wave 
equation,  Eq,  5,  into  a  matrix  ordinary  differential  equation: 

^+[S0+R(;)]‘P(;)  =  0  (7) 

where 

Vix^z) 

V(c)=  ! 

y(xN,z) 

and  S0  is  a  constant  known  matrix  defined  by  the  basis  functions.  We  refer  to  Eq.  7  as  the  collocation  equation .  In 
deriving  this  equation  from  the  wave  equation,  Eq.  5,  no  approximation  has  been  made  except  that  N  is  finite,  and  Eq.  7 
is  exactly  equivalent  to  Eq.  5  as  N  — >  00  .  Thus,  the  accuracy  of  the  collocation  method  improves  indefinitely  as  N 
increases. 

In  the  collocation  method,  one  can  either  solve  the  collocation  equation  directly  or  invoke  the  paraxial 
approximation,  if  valid,  to  obtain  the  equation  for  the  envelope: 

~  =  ~r[s0  +  R(")-A’2l]  x(c)  (9) 

a:,  2ik 

where  %{:.)  =  T(-)e/A"  =c<9/.[/(x,,c)  /U'2’-)  X(xn* -)]  anc*  I  is  a  unit  matrix.  This  equation  can  be  solved 
directly  using,  e.g the  Runge-Kutta  method,  or  using  the  operator  method  like  in  the  case  of  FFT-BPM.  The  latter 
procedure  has  been  shown  to  be  unconditionally  stable  numerically6. 
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A  unique  feature  of  the  collocation  method  is  that  one  obtains  an  equation  as  a  result  which  can  be  solved  or 
modified  in  a  variety  of  ways.  It  can  be  solved  as  an  initial  value  problem  using  any  standard  method  such  as  the  Runge- 
Kutta  method  3-5  or  the  predictor-corrector  method.  In  the  paraxial  form,  it  can  also  be  solved  using,  matrix  operator 
methods  based  on  the  approach  of  symmetrized  splitting  of  the  sum  of  two  non-commutating  operators  .  One  could  also 
use  a  suitable  transformation  of  the  independent  and/or  dependent  variable  to  an  advantage.  Indeed,  it  has  been  shown 
that  a  transformation  could  be  used  to  redistribute  the  collocation  points  (which  are  the  field  sampling  points  in  the 
transverse  cross-section)  in  such  a  way  that  the  density  of  points  increases  in  and  around  the  guiding  region,  and  the 
transverse  extent,  covered  by  the  sampled  field,  also  increases. 

2.2.1  Sampling  point  distribution:  Equally  spaced  sample  points 

The  electric  field  can  be  expressed  in  terms  of  plane  waves  that  can  further  be  expressed  in  terms  of  sinusoidal  functions. 
These  sinusoidal  functions  are  solutions  of  the  Helmholtz  equation  for  a  homogeneous  medium.  These  functions 
oscillate  even  at  a-  -4  °° ,  in  order  that  the  field  vanishes  at  large  distances;  we  assume  an  artificial  boundary  at  ±L 
where  the  field  is  assumed  to  vanish.  With  these  boundary  conditions  the  Helmholtz  equation  for  a  homogeneous 
medium  gives  solutions  that  vary  as: 

<f>  (a)  =  cos(k„a)  for  n  =  1,3,5,-  •  •  N  - 1 

(10) 

<j>n  (  a)  =  sin(  v„  a)  for  n  =  2,4,6,  •  •  •  N 

where  vn  =  nn!2L  .  The  collocation  points  are  then  the  equally  spaced  zeroes  of  cos(iV+ia)  for  an  even  N ;  thus. 


In  this  case,  the  matrix  S0is  given  by 

S0=AHA->  (ID 

where 


'  $\  U| ) 

<t>\  ( *2  ) 

<p2  U'i )  * 

(p~)  (A'-j  ) 

0A'  (*^1  ) 
0jV  (-*2  ) 

and  H  = 

f-r 

0 

0  • 
-v\  - 

o  3 

0 

K$\  (XN  ) 

02  /V  ^ 

"  (XN^  J 

v  0 

0  • 

'  ■  -  VN  j 

Thus,  the  collocation  equation,  Eq.  9,  is  fully  defined  and  can  be  solved  numerically  for  a  given  n2  (x,  z)  ■ 


The  sample  points,  in  this  case,  are  equally  spaced  and  we  can  vary  the  spacing  between  them  by  choosing  the 
values  of  L  and  N  appropriately.  This  allows  one  to  define  an  equi-spaced  grid  which  has  a  desired  density  of  sampling 
points.  Depending  on  the  geometry  of  the  structure  and  complexity  of  the  field  being  propagated,  we  can  choose  a  finer 
or  coarser  grid  while  still  maintaining  equal  spacing  between  the  grid  points. 

2.2.2  Sampling  point  distribution:  Unequally  spaced  sample  points 

In  this  case,  we  choose  the  expansion  functions  to  be  the  Hermite  Gauss  functions  such  that 

$1t  (a)  =  (t£A)exp(  ^-<z-A“ )  (12) 

where  N„_,  is  the  normalization  constant  and  a  is  an  adjustable  parameter.  The  collocation  points  are  now  given  by: 
HN(axj)  =  0,  j  =  1,2,...,  A 
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The  Hermite  polynomial,  H N  ,  defined  above  has  N  distinct  zeroes  which  are  unequally  spaced.  The  matrix  S0in  this 
case  is  given  by 

S0  -AD2  A-i  (14) 


where 


/  -> 
_AT 

0 

...  0  > 

(i 

0 

0  > 

X 

’t 

II 

Q 

0 

-> 

~x2 

0  0 

,  D2  =  cr  x 

0 

3  0 

0 

V  0 

0 

'  “  XN  y 

,0 

0 

2V~ly 

(15) 


f  <t>\  (xi ) 

<t>2  (A',  )  ■ 

and 

A  = 

<t>i  (x2  ) 

02(X2)  • 

^(a2) 

A  ( XN ) 

<f>2  (x  N) 

The  sample  points  are  now  no  longer  equally  spaced,  in  fact  the  spacing  between  them  varies  such  that  the  points  near 
the  origin  are  more  closely  spaced  and  the  points  towards  the  window  extremity  are  farther  apart. 

2.3  Variable  transformation  in  the  collocation  method:  PML  implementation 

By  applying  a  variable  transformation  in  the  collocation  method,  it  is  possible  to  redistribute  the  sample  points  to  suit  the 
nature  and  demands  of  the  problem.7  It  is,  for  example,  possible  to  use  transformations  that  concentrate  the  sample  points 
more  closely  in  a  region  where  the  field  variations  are  rapid  and  distribute  them  far  apart  where  the  field  is  slowly 
varying.  It  is  also  possible  to  implement  transformations  where  the  variables  can  be  made  complex.  In  fact,  that  is  the 
essence  of  the  PML  implementation  in  the  collocation  method.  We  have  thus  implemented  the  PML  technique  using  the 
variable  transformation,  given  in  Sec.  2.1  in  the  Collocation  method.  The  formalism  is  outlined  here. 

The  PML  is  implemented  by  transforming  Eq.5  using 
X  =  h(a) 

ys(x,-)  =  y[h\(T)U(<j,z)  (16) 

where  h  (<7)  is  defined  in  Eq.  2.  Equation  5  then  becomes 


d2U  d2U 

-+f(c7)-r-^+[g(cr)+k2n2(a,z)]U(cT,  :)  =  0 


(17) 


where 


/(<r)  =  [//(< r)]  2 
g(cr)  =  -!7T(h"li'-lh'2) 


2  h 


(18) 

(19) 


where  prime  denotes  differentiation  with  respect  to  a .  Equation  17  is  similar  to  Eq.  5  in  form  except  for  a  factor 
f(<j)  in  the  second  term.  We  can  therefore  use  the  collocation  method  of  Sec.  2.2  to  convert  Eq.  17  into  a  matrix 
equation 7 


d'U 


de 


^+[s0+R(c)]u(-)  =  0 


(20) 
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The  vector  U(c)  =  { U  j  :U =  U(a j )}  denotes  the  values  of  the  transformed  field  at  the  collocation  points  and  the  matrix 
S0  is  given  by 

S0  =FD, -FAD2  A1  +G  (21) 

where  F  =  | F-  :  Fj  =  f(<7j )),  G  =  | G;  :  Gj  =  g(cr;)}and  A,  D, ,  D2  are  defined  as  earlier  after  Eq.14,  except  that  now 

x  is  replaced  by  a  .  Using  the  paraxial  approximation  for  the  envelope  ~/J')  =  U (z)e,l~  ,  we  obtain  the  equation 

^i  =  _L[s0+R(r)-^l]x(j)  (22) 

dz  2  ik  1 

Eq  2^  can  be  solved  as  an  initial  value  problem  using  any  standard  method  such  as  the  Runge-Kutta  method  or  the 
predictor-corrector  method.  We  have  used  the  fourth  order  Runge-Kutta  method  in  our  examples.  It  may  be  noted  that  in 
the  real  window,  the  field  U(a)  and  lf/{x)  are  identical  and  hence,  %  directly  gives  X  -  which  is  the  quantity  of 

interest. 


3.  RESULTS 

The  PML  performance  depends  on  factors  such  as  PML  width,  absorption  profile  and  sample  point  distribution.  In  this 
section,  we  outline  and  discuss  numerical  examples  that  test  the  PML  performance  on  each  of  these  parameters.  Based 
on  these  results,  we  suggest  ways  to  improve  PML  effectiveness  and  decrease  the  computational  buiden. 

For  a  test  problem  we  have  considered  at  the  absorption  of  a  Gaussian  beam  of  width  4  pm  launched  towards 
the  PML  layer  at  different  angles.  The  refractive  index  of  the  homogeneous  medium  is  taken  to  be  1.4472.  As  a  measure 
of  the  energy  reflected  from  the  PML,  we  calculate  the  fractional  energy  remaining  in  the  real  window  at  a  point  exactly 
above  the  starting  point  in  the  computation  window  where  the  beam  would  have  reached  after  reflection  from  the  edge. 
We  have  chosen  a  window  of  total  width  44.6  /mi  and  the  number  of  sample  points  is  N=  1 00.  This  fractional  energy  is 

designated  as  ER . 

Figure  2  shows  a  plot  of  E R  versus  the  PML  width  for  a  beam  tilted  at  25°  for  both  the  sampling  point 
distributions  discussed  Section  2.2.  The  PML  layer  has  a  square  absorption  profile  and  the  layer  is  optimized  in  both 
cases  for  maximum  absorption  by  choosing  a  suitable  value  of  p0.  We  can  see  that  ER  decreases  with  increasing  PML 
width  for  both  the  distributions.  However,  in  equally  spaced  points,  ER  is  much  lower,  by  about  three  oiders  of 
magnitude  at  the  smallest  PML  width  as  compared  to  unequally  spaced  points.  For  other  widths  also  the  absorption  is 
better  for  equally  spaced  sample  points,  though  for  larger  PML  widths  both  equally  spaced  points  and  unequally  spaced 
points  perform  nearly  equally  well. 

Figure  3  shows  the  results  for  a  non-optimal  case.  We  have  optimized  the  layer  for  absorption  at  22.5  and  then 
we  obtain  the  absoiption  at  angles  larger  and  smaller  than  22.5°,  for  the  square  profile.  It  can  be  seen  that  for  unequally 
spaced  points,  as  angle  deviates  from  22.5°,  ER  increases  rapidly.  But  in  equally  spaced  points,  even  as  angle  increases, 
Er  varies  much  less.  Thus  with  equally  spaced  points,  the  PML  can  better  absorb  beams  at  angles  other  than  the  one  for 
which  the  layer  is  optimized.  Figure  4  shows  the  results  for  another  non-optimal  test  case.  Here  the  layer  is  optimized  for 
absoiption  at  22.5°  again,  however  we  make  incident  simultaneously  two  beams,  one  at  15  and  the  other  at  30  .  The 
figure  shows  fractional  energy  remaining  in  the  real  window,  E. ,  as  a  function  of  z  for  the  two  sampling  point 

distributions  when  the  layer  width  is  6.7  pm  which  is  15%  of  the  total  window  (dashed  curves)  and  3.5  pm,  i.e.,  8%  of 
the  total  window  (continuous  curves).  The  beam  tilted  at  30°  hits  the  PML  first  and  gets  absorbed  first  so  that  we  see  a 
decrease  in  E _  and  then  it  becomes  somewhat  constant,  while  the  second  beam  still  continues  to  travel  in  the  real 
window  for  some  time.  When  the  15°  beam  also  hits  the  PML,  E.  again  starts  decreasing.  The  important  point  to  note  is 
that  for  smaller  PML  width  (continuous  curves),  E.  is  lower  by  almost  3  orders  of  magnitude  in  the  equally  spaced 
basis,  while  performance  is  comparable  in  both  cases  at  larger  PML  width.  The  figure  also  shows  that  the  PML 
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Fig.2  Energy  remaining  in  the  real  window,  ER  ,  (in  %)  as  function  of  the  PML  width  for  the 
square  profile  with  the  unequally  spaced  and  equally  spaced  distribution  of  sample  points. 
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Fig.3  Energy  remaining  in  the  real  window,  ER  ,  (in  %)  as  function  of  beam  tilt  angle  for  the 
square  profile  with  the  unequally  spaced  and  equally  spaced  distribution  of  sample  points 

absorptivity  is  much  more  sensitive  to  width  when  the  points  are  unequally  spaced,  while  with  equally  spaced  points,  the 
PML  performance  is  not  affected  as  much  with  change  in  width.  Thus,  with  smaller  PML  width,  using  equally  spaced 
basis  has  a  very  distinct  advantage  in  reducing  reflected  energy  under  optimum  as  well  as  non-optimum  conditions.  For 
larger  widths,  the  PML  performance  for  the  two  types  of  point  distributions  is  comparable. 
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Fig.4  Energy  remaining  in  the  real  window,  E.  ,  (in  %)  as  function  of  propagation  distance  z.  The  results  are  shown  for  square 

profile  with  the  unequally  spaced  and  equally  spaced  distribution  of  sample  points.  The  PML  width  is  3.5  fim  (8%  of  the  total 
window)  for  the  continuous  curves  and  6.7  /mi  ( 15%  of  the  total  window)  for  the  dashed  curves. 


Fig.5  Absorption  profile  variation  for  the  square  and  sin2  profiles  in  equally  spaced  point  distribution. 


Fig.  5  shows  the  square  and  sin2  absorption  profiles.  The  main  difference  between  the  two  is  that  the  square 
profile  has  a  steep  increase  in  slope  while  the  sin2  profile  gets  flattened  near  the  window  end.  To  compare  the  effect  of 
the  two  different  set  of  profiles,  consider  ER  as  a  function  of  the  PML  width  for  different  profiles  for  equally  spaced 
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Fig.6  Energy  remaining  in  the  real  window,  ER  ,  (in  %)  as  function  of  PML  width  (%)  for  different 
absorption  profiles  with  equally  spaced  point  distribution. 


points  (Fig.  6),  as  well  as  for  unequally  spaced  points  (Fig.  7).  In  the  case  of  equally  spaced  points,  the  sin4  profile  is  by 
far  the  best,  at  all  widths.  The  cubic,  quartic  and  the  sin3  perform  similarly,  and  square  and  sin-  are  by  far  the  worst.  On 
the  other  hand,  with  unequally  spaced  points,  quartic  and  sin4  are  the  worst  at  lower  width,  square  and  sin2  being  best.  At 
higher  widths,  all  the  profiles  show  ER  values  saturated  to  nearly  the  same  value  in  the  case  of  unequally  spaced  points. 
Comparing  these  two  figures,  we  can  conclude  that  for  all  profiles,  at  lower  width,  equally  spaced  basis  is  better,  and 
with  this  point  distribution  a  steeper  profile  sin4  is  the  best  among  all  the  profiles  investigated 


The  above  results  show  that  for  smaller  widths  of  the  PML,  it  is  important  to  choose  a  correct  point  distribution, 
which  is  equally  spaced  at  least  for  the  example  we  have  chosen,  and  an  appropriate  absoiption  profile,  which  is  sin4  for 
our  example.  Of  course,  one  could  choose  a  large  (20-25%)  PML  width  and  not  worry  about  the  specifics  of  the  point 
distribution  and  the  absorption  profile;  however,  the  penalty  would  be  larger  computation  window  and  larger 
computational  effort.  For  repetitive  computations,  as  in  the  case  of  a  typical  design  exercise,  it  would  pay  to  follow  the 
first  option  of  using  a  lower  PML  width  with  appropriately  chosen  point  distribution  and  absorption  profile. 

Another  aspect  that  we  found  advantageous  in  the  sine  profiles  was  that  it  is  possible  to  add  extra  sections  of 
uniform  absorption  layers  to  the  existing  PML,  at  the  end  of  the  PML,  that  is  beyond  xb  and  extend  the  boundary  when 

required.  This  increase  in  PML  width  does  increase  the  computation,  but  leads  to  large  improvement  in  the  absoiption  as 
can  be  seen  in  Fig.  8,  which  shows  how  the  energy  remaining  in  the  real  window  decreases  as  additional  uniform 
absorption  sections  (containing  1,  2,  3,  or  4  extra  points)  are  added  at  the  end  of  the  existing  PML  layer.  While  it  would 
be  better  to  optimize  the  larger  layer,  but  if  the  time  required  to  optimize  the  now  larger  layer  is  not  available,  simply 

adding  the  constant  absorption  sections,  is  an  attractive  way  to  decrease  E _  without  too  much  effort.  A  similar  approach 
cannot  be  followed  with  power  law  profiles  due  to  discontinuity  at  the  interface  between  the  existing  PML  and  the 
additional  PML  sections. 
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Fig.7  Energy  remaining  in  the  real  window,  ER  ,  (in  %)  as  function  of  PML  width  (%)  for  different  absorption 

profiles  with  unequally  spaced  point  distribution. 


4.  SUMMARY  AND  CONCLUSIONS 

The  PML  boundary  condition  has  been  implemented  in  the  collocation  method  for  equally  spaced  and  unequally  spaced 
distribution  of  sample  points.  We  have  then  studied  the  performance  of  the  PML  as  an  absorbing  layer  for  a  Gaussian 
beam  as  a  test  case.  The  effect  of  different  distributions  of  sample  points  and  of  different  PML  absorption  profiles  on 
PML  performance  has  thus  been  studied.  We  found  that  equal  spacing  between  points  leads  to  better  absorption  of  beams 
under  both  optimal  as  well  as  non-optimal  conditions  for  smaller  PML  widths.  While  for  larger  PML  widths,  both 
unequally  spaced  and  equally  spaced  points  perform  equally  well.  The  PML  performance  is  a  strong  function  of  the 
absorption  profile  for  smaller  (and  hence,  numerically  more  efficient)  PML  widths,  while  for  larger  widths,  the  nature  of 
absorption  profile  matters  much  less.  For  smaller  widths,  a  newly  suggested  sin4  absorption  profile  with  equally  spaced 
points  gives  the  best  PML  performance.  For  better  numerical  efficiency,  one  would  like  to  use  smaller  PML  widths  and 
for  optimized  performance  of  the  PML,  it  would  be  important  choose  appropriate  point  distribution  and  absorption 
profile. 


ACKNOWLEDGEMENTS 

This  work  was  partially  supported  by  a  grant  (No.  03(0976)/02/EMR-II)  from  the  Council  of  Scientific  and  Industrial 
Research  (CSIR),  India.  One  of  the  authors  (AA)  is  a  CSIR  research  fellow. 

REFERENCES 

1.  M.D.  Feit  and  J.A.  Fleck,  Jr.,  “Light  propagation  in  graded-index  optical  fibers,”  Appl.  Opt.  17,  3990-3998,  1978. 

2.  C.L.  Xu  and  W.P.  Huang,  “Finite-difference  beam  propagation  methods  for  guided-wave  optics”,  in  Methods  for 
Modeling  and  Simulation  of  Optical  Guided-Wave  Devices,  (Guest  editor:  W.Huang)  of  series  Prog.  Electromagnet. 
Res.,  vol.  11,  pp.  1-49,  1995  [EMW  Publishing,  Cambridge,  Mass.,  USA] 


1 60  Proc.  of  SP1E  Vol.  5349 


Fig.  8  Energy  remaining  in  the  real  window,  £_ ,  as  a  function  of  propagation  distance  for  various 

profiles.  The  curves  marked  -  lex,  -2ex,  -3ex  &  -4ex.  correspond  to  the  sin2  profile  containing  1,  2,3  &  4 

additional  sample  points,  respectively. 


3.  A.  Sharma,  “Collocation  method  for  wave  propagation  through  optical  waveguiding  structures”,  ibid  pp.  143-198, 
1995. 

4.  S.  Banerjee  and  A.  Sharma,  “Propagation  characteristics  of  optical  waveguiding  structures  by  direct  solution  of  the 
Helmholtz  equation  for  total  fields,”  J.  Opt .  Soc.  Am.  A,  6,  1884-1894,  1989. 

5.  A.  Sharma  and  S.  Banerjee,  “Method  for  propagation  of  total  fields  or  beams  through  optical  waveguides,”  Opt . 
Lett.  14,  94-96,  1989. 

6.  A.  Sharma  and  A.  Taneja,  “Unconditionally  stable  procedure  to  propagate  beams  through  optical  waveguides  using 
the  collocation  method,”  Opt.  Lett.  16,  1162-1164,  1991. 

7.  A.  Sharma  and  A.  Taneja,  “Variable-transformed  collocation  method  for  field  propagation  through  waveguiding 
structures ,”  Opt.  Lett.  17,  804-806,  1992. 

8.  E.L.  Lindman,  “Free  space  boundary  conditions  of  the  time  dependant  wave  equation”,  J.  Comp.  P/ty.18,  66-78, 
1975. 

9.  B.  Engquist  and  A.  Majda,  “Absorbing  boundary  conditions  for  the  numerical  simulation  of  waves,”  Math. 
Computation ,  31,  629-651,  1977. 

10.  G.  Mur,  “Absorbing  boundary  condition  for  the  finite-difference  approximation  of  the  time-domain  electromagnetic- 
field  equations,”  IEEE  Tran.  Electromag.  Compat.  EMC-23,  377-382,  1981. 

11.  C.  Vasallo  and  F.  Collino,  “Highly  efficient  absorbing  boundary  conditions  for  the  beam  propagation  method,”  J. 
Lightwave  Technol.  14,  1570-1577,  1996. 


Proc.  of  SPIE  Vol.  5349  161 


12.  G.R.  Hadley,  “Transparent  boundary  condition  for  beam  propagation,”  Opt.  Lett.  16,  624-626,  1991. 

13.  G.R.  Hadley,  “Transparent  boundary  condition  for  the  beam  propagation  method,”  Opt.  Lett.  28,  624-626, 1992. 

14.  G.R.  Hadley,  “Transparent  boundary  condition  for  the  beam  propagation  method,”  IEEE  J.  Quant.  Electron.  QE-28, 
363-370,  1992. 

15.  J.P.  Berenger,  “A  perfectly  matched  layer  for  the  absorption  of  electromagnetic  waves,”  J.  Computational  Phys. 
114,  185-200,  1994. 

16.  W.P.  Huang,  C.L.  Xu,  W.  Lui  and  K.  Yokoyama,  “The  perfectly  matched  layer  (PML)  boundary  condition  for  the 
beam  propagation  method,”  IEEE  Photon.  Technol.  Lett.  8,  649-651,  1996. 

17.  W.P.  Huang,  C.L.  Xu,  W.  Lui  and  K.  Yokoyama,  “The  perfectly  matched  layer  boundary  condition  for  modal 
analysis  of  optical  waveguides:  leaky  mode  calculations,”  ibid,  652-654,  1996. 

18.  D.  Zhou.  W.P.  Huang,  C.L.  Xu,  D.G.  Fang  and  B.  Chen,  “The  perfectly  matched  layer  boundary  condition  for  scalar 
finite-difference  time-domain  method,”  IEEE  Photon.  Technol.  Lett.  13,  454-456,  2001. 

19.  J.C.  Chen  and  K.  Li,  “Quartic  perfectly  matched  layers  for  dielectric  waveguides  and  gratings,”  Microwave  Opt. 
Teclmol.  Lett.  10,  319-323,  1995. 


162  Proc.  of  SPIE  Vol.  5349 


Closed  form  modal  field  expressions  in  Diffused  Channel  Waveguides 

Geetika  Jain,  Ashmeet  Kaur  Taneja,  Enakshi  Khular  Sharma' 

Department  of  Electronic  Science 
University  of  Delhi  South  Campus 
New-Delhi-110021,  India 


ABSTRACT 

We  present  accurate  closed  form  expressions  for  modal  fields  and  propagation  constant  of  the  fundamental  mode  in 
diffused  channel  waveguides  using  a  scalar  variational  approach.  The  results  have  been  compared  with  those  obtained 
by  use  of  the  Optiwave  BPM_CAD  software  package.  The  closed  form  fields  have  been  shown  to  be  useful  in 
optimizing  fiber  to  waveguide  coupling  and  evaluating  gain  in  Erbium  doped  waveguides. 

Keywords:  Channel  Waveguides,  Closed  form  modal  fields,  Titanium  diffused  LiNb03  waveguides 

1.  INTRODUCTION 

Design  of  integrated  optical  devices  using  diffused  channel  optical  waveguides  demands  a  sufficiently  accurate 
knowledge  of  their  modal  properties.  Since,  in  general,  analytical  solutions  are  not  possible  for  diffused  channel 
waveguides,  one  has  to  use  either  approximate  method  like  Effective-Index  method  or  numerically  intensive  methods 
like  finite  difference,  finite  element  or  Beam  propagation  techniques.  In  all  these  methods,  modal  fields  are  obtained  as 
numerical  data  and  not  as  closed  form  expressions  useful  for  device  design.  In  this  paper  we  present,  accurate  closed 
form  expressions  for  the  modal  fields  and  propagation  constant  based  on  scalar  variational  procedure  [1].  The 
variational  approach  is  based  on  maximizing  a  stationary  expression  for  the  propagation  constant  with  respect  to 
various  parameters  in  a  judiciously  chosen  trial  field  where  accuracy  depends  on  the  functional  form  of  the  chosen  field 
and  the  number  of  parameters  [2,3].  We  have  taken  three,  four  and  five  parameter  trial  fields  and  have  compared  our 
results  with  results  obtained  by  use  of  the  B  PMC  AD  Simulator  [4], 

To  illustrate  the  applications  of  our  analytical  modal  fields,  we  have  used  them  for  the  optimization  of  fiber  waveguide 
coupling  and  to  estimate  the  gain  and  loss  characteristics  of  an  Erbium-Doped  LiNb03  waveguide  [5],  which  is  an 
emerging  component  of  amplifying  integrated  circuits. 


2.  VARIATIONAL  APPROACH 

The  typical  refractive  index  profile  of  a  diffused  channel  waveguide  can  be  described  as 

n 2  (jc,  y  )  =  n  /  +2  ns  An  exp  (—  A y/  2  )exp  ^  j  y  >  0 

=  ne2  y  <  0  (1) 

where  ns  and  nc  are  the  substrate  and  cover  layer  indices,  w  and  h  are  the  half  width  and  penetration  depth  of  the  index 
variation  of  diffused  waveguide.  An,  w  and  h  depend  on  material  and  process  parameters. 

For  the  two  dimensional  refractive  index  profile  n(x,y)  the  stationary  scalar  variational  expression  for  the  effective 
index  of  the  fundamental  mode  of  the  channel  waveguide  is  given  as  [6] 

n /  =  JJ yf ,  (-V,  y)|At//,  yf  dxdy  +  JJ  n 2  (x,  y)|  V ,  (*»  )’]' dxdy  (2) 
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where  \j/t  is  an  approximation  to  the  modal  field  sought  as  solution  to  the  propagation  problem  with  three,  four  or  five 
variational  parameters  with  respect  to  which  right  hand  side  of  the  above  expression  is  maximized.  The  trial  field  is 

assumed  to  be  normalized,  J  |  y/ ,  (a-,  y)|  dx  dy  =  1  . 

We  will  approximate  the  trial  field  to  be  separable,  i.e., 

V,(x,y)=  x(x)<p(y)  (3) 

Substituting  the  suitably  chosen  field  forms  into  the  stationary  expression  we  obtain  closed  form  expressions  for  the 
normalized  effective  index  b  =  (n;  -n] )/2ntAn  in  terms  of  the  variational  parameters,  a  normalized  V  parameter  in  y 

direction  Vy  =  knhyj2niAn  ,  a  normalized  V  number  in  x  direction,  Vx  =  k 0  w yJln  An  ,  and  the  asymmetry 

parameter,  p  =  (n/  -«/  )/lnsAn  ,  where  k0  =  2zr/A0  is  the  free  space  wave  number.  Maximizing  the  expression  for 
normalized  effective  index  by  standard  routines  available  [7]  e.g.  Powell's  method,  gives  the  optimized  values  of  the 
variational  field  parameters. 


2.1  Three  Variable  Trial  Field 

A  suitable  normalized  trial  field  consists  of  a  two  variable  evanescent  Hermite  Gauss  function  [2]  in  the  asymmetric  y 
direction  and  a  Gaussian  function  in  the  symmetric  x  direction 


Y(y)=  A 


=  A  v  exp 


y  >0 
y  <0 


X(jc)=  Ax  exp|-a 

where  Av  and  Ax  are  the  normalization  constants.  There  are  three  variational  parameters  y  v  and  ay  defining  the  field  in 
y  direction  and  ax  gives  the  width  of  the  Gaussian  field  in  x  direction.  Substituting  this  field  into  the  stationary 
expression  we  obtained  a  closed  form  expression  for  normalized  effective  index  b  in  terms  of  the  variational 


for  all  x 


(4) 


parameters. 


(a)  (b) 

Fig.  1 .  The  closed  form  variational  field  at  wavelength  of  1532nm  (a)  x-variation  at  y=4.0pm.  (b)  y-variation  at  x=0.0jjm.  The  points  con*espond  to 
the  numerical  results  obtained  by  the  OPTIWAVE  BPM.CAD  3D-simulator.  continuous  line  to  three  variable  fields,  rectangles  to  four  variable  x- 
improved  field  in  (a)  and  four  variable  y-improved  field  in  (b).  dashed  lines  to  five  variable  modal  field  . 
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In  order  to  illustrate  the  procedure  we  carried  out  calculations  for  the  TE  mode  of  a  typical  waveguide  [8]  fabricated  by 
indiffusion  (1030°C,  9hrs)  of  a  7pm  wide,  95nm  thick  Titanium  stripe  into  z-cut  LiNb03  substrate  for  use  at  1532nm. 
The  substrate  index  is  taken  as  2.297.  Assuming  the  typical  values  of  diffusion  constants  for  horizontal  and  vertical 
directions  as  0.023cm2/sec  with  a  temperature  coefficient  of  30300°K  and  simulating  the  diffusion  process,  the  actual 
waveguide  parameters  are  obtained  as  h-6. 5pm,  w=7.5pm  and  An =0.0048.  The  modal  fields  obtained  by  the  closed 
form  expression  are  compared  with  those  obtained  by  the  BPM_CAD  Simulator  from  Optiwave  [4]  as  shown  in  Figs. 
1(a)  and  (b).  The  three  variable  optimized  fields  (3V)  are  in  good  agreement  with  simulated  results  except  for  small 
deviations  in  tail  regions  in  both  x  and  y  directions.  The  values  of  the  three  parameters  and  corresponding  effective 
index  obtained,  for  the  waveguide  described  above,  are  given  in  Table  I. 


2.2  Four  Variable  Trial  Field-  improvement  in  y  direction 

Fig.  1(a)  and  (b)  show  that  the  variational  field  matches  the  exact  field  quite  well  in  the  region  where  the  field  is 
maximum,  but  in  the  evanescent  tail  it  falls  off  very  rapidly.  An  additional  exponential  function  in  the  evanescent  tail 
region  in  the  y/h>aY  further  increases  the  accuracy. 

The  trial  field  with  y  improvement  is  described  as: 


Y(y)=  Av(l  +  7vav)exP 


a;a;~ 


YyOy 
1  +  Xv«v 


\ 

exp 

f  / 

^  v 

2  oc~.ay  —■ 


Yyay 
l  +  7vav 


y/h>a. 


1  +  Yy 
Av  expf v 


.2  \ 


exp  -  a; 


2  y_ 

h 2 


/ 

X(a*)=  Ax  exp  -ax' 


for  all  x 


y/licciy 

y<0 

(5) 


Now  there  are  four  variational  parameters  yv ,  ay ,  avand  aY.  Closed  form  expression  for  b  is  obtained.  The 

maximization  gives  the  optimized  variational  parameters  and  hence,  the  optimized  field.  Fig.  1(b)  shows  comparison  of 
y  variation  of  closed  form  modal  fields  with  those  obtained  by  the  BPM  Simulator.  There  is  no  significant  change  in  the 
field  in  x  direction,  while  the  field  variation  in  the  y  direction  has  significantly  improved.  However,  as  shown  in  the 
Table  I,  there  is  a  significant  change  in  effective  index  for  this  field  description  which  implies  the  effective  index  is 
sensitive  to  the  field  form  iny  direction. 

2.3  Four  Variable  Trial  Field-  improvement  inx  direction 

The  actual  field  form  in  the  x  direction  is  also  not  a  Gaussian  but  penetrates  deeper  into  the  width.  This  evanescent  tail 
plays  an  important  part  in  evanescently  coupled  adjacent  waveguides.  Hence,  we  included  an  exponential  tail  in  the 
Gaussian  function  for  a  more  accurate  description  of  transverse  field  in  jc  direction  in  the  following  form: 


y  >0 
y  <  0 
\x/w\  <ax 


(i+Xvf 

exp 

(  2  \ 

l  h 

h " 

V  / 

A  exp 


X  (a)=  A  t  exp 


■a: 


w 


=  Ay  exp(aya ]  )exp[  -  2a]aK  “  \x/w\  >ax  (6) 

l  w  J 

where  yy  and  a  are  the  two  variational  parameters  in  0(y)  and  two  variational  parameters  ax  and  av  in  ^(x).  Again 
a  closed  form  expression  for  b  can  be  obtained  and  its  maximization  gives  us  the  optimized  variational  parameters.  The 
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corresponding  a-  improved  field  is  plotted  in  Fig.  1(a).  There  is,  however,  no  improvement  in  the  effective  index  as 
shown  in  Table  I,  which  implies  that  effective  index  is  more  sensitive  to  the  y- fie  Id  description.  However,  the 
improvement  in  the  field  forms  obtained  in  the  x  direction  is  essential  for  studying  laterally  coupled  structures  such  as 
directional  couplers. 


2.4  Five  Variable  Trial  Field 


We  can  also  use  a  complete  five  variable 
field  is  now  described  as 


Y(y)=  Av(l+yvflv)exP 


a' a' 


trial  field  which  has  an  exponential  tail  in  both  a*  and  y  directions.  The  trial 


/yfly 

l  +  y./'y 


\ 

( 

exp 

- 

.  \ 

Yyay 

l  +  yvav 


y/h>ay 


■i 


1  +  yv 


.2  \ 


exp  -  a; 


•  Ir 


=  Ay  exp  y 


X(a)=  Ax  exp  -a; 


,  x 


y/h  <ciy 


y<0 


\x/w\  <ax 


=  Ax  exp (pcxa2x  )exp  -2 a]ax 


\x/w\  >ax  (7) 


The  field  is  now  a  combination  of  improved  fields  in  x  as  well  as  y  direction.  The  closed  form  expression  can  be 
obtained  for  b,  which  is  maximized  to  get  the  five  variational  parameters.  The  comparison  of  the  five  variable  modal 
fields  with  simulated  fields  in  Figs  1(a)  and  (b)  show  that  the  two  exactly  match  with  each  other.  It  is  important  to  note 
from  Table  I  that  av  in  five  parameter  field  is  the  same  as  in  the  four  parameter  y-improved  field  and  ax  is  same  as  the 


four  parameter  x-improved  field. 

Fortunately,  the  variation  ofay  is  not  much  for  Gaussian  profile  over  the  entire  single  mode  region.  Hence,  it  is  possible 
to  fix  the  value  of  the  av  parameter  at  ay=  1 .04.  Similarly  the  variation  in  axis  not  significant,  so  we  can  even  fix  the  ax 
parameter  at  av=0.87  to  reduce  our  analysis  with  exponential  tails  to  a  three  parameter  variational  form.  The  new 
improved  three  parameter  fields  gives  accurate  analytical  description  of  the  modal  field  as  shown  in  figs.  2(a)  and  (b). 


TABLE  I 


Variational  parameters  for  channel  waveguide  with 
/74.=2.297,  /7r=1.0,  zl/7=0.0048,  /7=6.5pm,  w=7.5pm,  A=1532nm 


Method 

Yy 

a* 

a* 

ay 

ax 

«<-// 

3-variable 

47.46 

1.099 

1.188 

- 

- 

2.29807 

4-variable  (y) 

53.30 

1.138 

1.186 

1.041 

- 

2.29817 

4-variable  (x) 

52.31 

1.098 

1.206 

- 

0.8749 

2.29807 

5 -variable 

51.92 

1.137 

1.204 

1.043 

0.8755 

2.29817 

New  3-variable 

52.00 

1.137 

1.204 

1.040 

0.87  ^ 

2.29817 
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Fig.  2.  The  closed  form  variational  field  at  wavelength  of  1532nm  (a)  x- variation  at  y=4.0|im.  (b)  y-variation  at  x=0.0pm,  The 
points  correspond  to  the  numerical  results  obtained  by  the  OPTIWAVE  BPM_CAD  3D-simulator  and  continuous  line  to  the  new 
three  variable  fields  . 


3.  APPLICATIONS 

We  illustrate  the  use  of  the  closed  form  expressions  in  two  important  applications,  namely,  fiber  to  waveguide  coupling 
and  estimation  of  gain  in  rare-earth  doped  waveguides.  The  closed  form  field  expression  leads  to  a  closed  form 
expression  for  fiber  to  waveguide  coupling.  The  closed  form  field  expressions  also  facilitates  the  estimation  of  gain  and 
loss  characteristics  of  an  Erbium-Doped  LiNbO^  waveguide,  which  is  an  emerging  component  of  amplifying  integrated 
circuits. 

3  1  Waveguide  Coupling 

In  the  optical  systems  that  contain  integrated  optical  components,  coupling  efficiency  between  the  fundamental  mode  of 
the  waveguides  of  an  integrated  optical  circuit  and  the  optical  fiber  that  is  connected  to  the  circuit  plays  an  important 
role  in  power  loss  considerations.  In  an  optimization  process  the  computations  have  to  be  repeated  a  large  number  of 
times  [9],  With  the  closed  form  expressions  the  process  of  obtaining  optimum  waveguide  parameters  becomes  very 
simplified.  The  coupling  efficiency  is  given  by 

Tf  =  J \ffx  (x,  v  V,  (a\  y)dxdy  (8) 

here  i//,(x,  y) is  the  normalized  waveguide  modal  field  and  y/,(x,  y)  is  the  normalized  modal  field  of  the  fiber  .  The 
maxima  of  three  parameter  waveguide  the  modal  field  of  Eq.  4  is  atx=0  and  y  =  <^0  where  is  given  by 

e  -  a  .v  + 

"  2 a,yjh 

For  a  fiber  placed  at  (0,  | ) ,  the  fiber  field  can  be  well  approximated  to  a  Gaussian,  written  as 


where  (O f  is  the  spot  size  of  the  fiber  and  is  typically  a  function  of  V  number  and  radius  of  the  fiber.  Since  both  the 
fields  are  separable  in  x  and  y,  the  coupling  efficiency  can  be  written  as  a  product 

do) 
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Using  the  optimized  three  parameter  fields,  we  get  analytical  expressions  for  the  coupling  efficiency  as 


here  /  is  given  by 


and  J  for  the  three  variable  fields  is 


exp 


/(o: 


J=- 


[exp(ik,-  ){fn:k;  (l+e)f(kt  ))+h^yy^{l  +  eif(ki  ))}+k2(ojy 


2  kl 

hco. 


(ID 

(12) 


(13) 


(14) 


with  k.  = 


a;  l 

— r+ — r  ©) 

v ,r  ®; 


and  k2  =  1  +  a ' 


co: 


For  optimizing  the  position  of  the  fiber  (0,£),  we  have  to  maximize  the  coupling  efficiency  with  respect  to  ^  ,  or 


driv 


obtain  £  =  £  ,  which  is  the  value  of  £  at  which  — -± 
’  dg 


=  0  .  This  leads  to  the  following  transcendental  equation,  the 


Fig.  3.  Variation  of  optimal  position  of  fiber  (  )  with  spot-size. 

Triangles  correspond  to  5V  modal  field  and  points  to  the  three 
3V  modal  field  of  the  waveguide;  dashed  line  corresponds  to  the 
value  of  (J0 . 


Fig.  4.  Variation  of  Fiber  to  Waveguide  Coupling  Efficiency  with 
Fiber  spot-size.  The  points  correspond  to  the  numerical  results 
obtained  by  the  OPTIWAVE  BPM_CAD  3D-simulator; 
continuous  line  correspond  to  the  5V  modal  field  and  dashed  line 
to  the  3V  modal  field  of  the  waveguide. 
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solution  of  which  gives  £ 


fll(§)+fl2(£)+fl3(£)=0  (15) 

where 

«!(£)=— ~r  |?xp(*i2)fv^  +h^rjtl+erf(kl))}+k20)/yj 
(0fk: 

ArexP(ki  )P*k2  +  hJity^X 1  +  eif(kt ))} 

(0f  J 

aM%) =  ~—f~  4 .2, ,  T  fal  +  h^Yx  )exp(-  k; )+  1 + g>/(fc. 

The  variation  of  £,fJ  with  fiber  spot  size  is  shown  in  Fig.  3.  The  position  of  the  waveguide  field  maxima  £0is  also 
marked.  It  is  important  to  note  that  the  maximum  power  transfer  is  not  obtained  when  fiber  center  is  placed  at  y  =  £0  > 
where  the  waveguide  modal  field  is  maximum  but  at  a  different  value  y  =  %„, .  As  shown  in  the  figure,  the  difference  in 
the  two  values  is  considerable  and  varies  with  the  spot-size  of  the  fiber.  The  corresponding  results  for  coupling 
efficiency  have  also  been  compared  with  those  obtained  by  BPM_CAD  [4]  and  are  shown  in  Fig.  4. 


3.3  Estimation  of  Gain  and  Loss  in  Optical  Amplifier  Waveguides 


In  general  an  amplifying  media  can  be  described  by  a  complex  refractive  index  n  =  nt  +  in.  and  hence,  the  intensity 

variation  can  be  written  as  ■  ■■  n  ,•  /  .  An  Er-doped  LiNbO^  waveguide,  pumped  at  1484nm,  is  an  amplifying 

dz  A0 

waveguide  for  signals  in  the  wavelength  region  of  1530nm.  For  such  a  waveguide  using  the  laser  rate  equations  [8]  for 
the  doped  waveguide,  one  can  define  an  imaginary  part  for  the  index  profile  [10]  describing  the  signal  amplification 
and  pump  attenuation  as 


ni{signat)~-~<Ja(ks )" 


fa,  V p 2  (-r.y)-i _ 

+  (jls  +  l)/5yv(-v.  v)+  (n  +  ifiy/  2(x,y) 


pfa,y) 


iij  ( pump  )  = 


r«  fan  ) 


_ fas  W  v2(-V-y)-l _ 

1  +  fas  +  0 PWs2(^y)+  fan  +  1 )?  V  p 2  y) 


p(.v,y)  (16) 


here  p  -  Ps(z)/ Is0 
defined  as  Iso  po 


9=Pp(z)/lpo 


are  signal  and  pump  power  normalized  to  their  respective  saturation  intensities 
T  is  the  fluorescence  lifetime  of  the  Erbium  ions  corresponding  to  the  transitions 


from  level  2  to  level  1,  <ja  is  the  absorption  cross-section,  rjs  p  is  the  ratio  of  emission  to  absorption  cross-sections, 
\ffs  p  is  the  normalized  modal  field  of  signal  (.v)  and  pump  ( p )  and  p(x,  y)  is  the  total  erbium  ion  density  profile.  We 

consider  the  typical  Erbium  ion  doping  profile  in  the  waveguide  to  be  a  planar  Gaussian,  i.e.,  p  =  p0exp(-y//7'^r)  as 

reported  in  [8],  with  /?f,;=5.12|im  and  peak  erbium  ion  concentration  p0  =  6.6xl025  m‘\  The  emission  and  absorption 
coefficients  corresponding  to  TE  polarization  are  also  obtained  from  the  figures  in  [8]  and  are  tabulated  in  Table  II. 
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TABLE  II 

Absorption  and  emission  cross-section  at  various  wavelengths  [8] 


Mnm) 

<W m2)_ 

Oe„Jm2) 

1484 

5.9x1  O'25 

2.0x1  O’25 

1532 

25.5x1  O’25 

24.1xl0’25 

1546 

8.46xl0'25 

10.7X10'25 

1563 

4.6x1  O'25 

8.0x1  O'25 

The  complete  complex  index  profile  can  be  written  as 

77 2  (x,  y)=n  2  +  2nsAn exp  (- x2/vv2  )exp(-  y2/h2)  +  2insn;  (x,  y)  (17) 


For  the  Erbium  doped  waveguide  with  the  complex  refractive  index  defined  above  the  complex  propagation  constant 
can  be  written  as  fi(z)=  /?,.  +  //?,(:)  with  /3,  calculated  by  considering  2insn,(x,y)  as  a  small  perturbation  [1 1] 

in  the  real  index  profile,  given  by 


««  a  s  ^  i+(ns+i)pvs2(x’y)+{rip+[)q't'p2(x’y) 

{ns  -nP)p¥.2(x>y)~l 


?/?  h  'iff _ w,  jp Vs  _ 

,p  ncp  a  p  i+(rjs+i)pvs2(x, y)+(nP+^Vp2(x<y) 


p(x,y)y/2(x,y)dxdy 

p(x,y)y/2(x,y)dxdy 


(18) 


here  n„  and  n  are  the  effective  indices  corresponding  to  signal  and  pump  wavelengths  in  the  absence  of  gain  or  loss. 
The  closed  form  expressions  for  modal  fields  and  facilitates  the  estimation  of  the  RHS  in  the  above  equation.  Hence, 
the  evolution  of  signal  or  pump  power  can  be  written  as: 

p(z  +  A z)=  p(z)exp[r(c)A:] 

^(z  +  Ai)=^(z)exp[-a(z)v]  (19) 

where  y  =  2 /3,v  and  a  =  2  ft ip  .  The  procedure  can  be  used  to  estimate  the  signal  gain  or  pump  loss  for  a  given 

length  of  waveguide  by  a  beam  propagation  type  of  procedure  in  which  total  length  of  waveguide  is  divided  into 
segments  and  propagation  is  considered  in  terms  of  local  mode  through  each  segment.  We  carried  out  calculation  of 
gain  across  a  5  cm  length  of  the  waveguide  for  different  pump  power  levels  by  dividing  the  total  length  into  small 
sections  (typically  10)  and  estimated  the  gain  by  using  the  appropriate  complex  propagation  constant  in  each  section. 


Fig.  5.  Variation  of  gain  with  pump  power  a  5cm  length  of  Er  doped  LiNbO,  waveguide  at  different  wavelengths:  comparison  of 
calculated  (continuous  lines)  and  experimental  (rectangles)  results. 
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Fig.5  shows  a  comparison  of  the  variation  of  gain  for  a  5cm  length  of  the  waveguide  with  pump  power  for  different 
wavelengths.  The  results  agree  with  the  experimental  results  of  Dinand  and  Sohler  [8]  shown  as  rectangles.  An 
additional  attenuation  of  0.16dB/cm  due  to  scattering  loss  has  also  been  included  in  the  calculations.  The  results  also 
show  that  a  threshold  pump  power  of  20mW  is  necessary  to  obtain  gain. 

4.  CONCLUSION 

In  conclusion,  we  have  presented  accurate  closed  form  field  expressions  for  the  modal  field  in  single  mode  Titanium 
diffused  LiNb03  channel  waveguides.  The  closed  form  field  form  have  been  shown  to  be  useful  for  optimization  of 
fiber  to  waveguide  coupling  and  estimation  of  gain  in  pumped  Erbium  doped  LiNb03  waveguides. 

REFERENCES 

[1]  Woo-Hu  Tsai,  Shih-Chieh-Chao,  and  Mu-Shiang  Wu,  “Variational  Analysis  of  Single  Mode  Inhomogeneous 
Planar  Optical  Waveguides,”  J.  Lightwave  Technol. ,  Vol.  10,  1992,  pp.  747-756. 

[2]  Anurag  Sharma  and  Pushpa  Bindal.,  “Analysis  of  Diffused  Planar  and  Channel  Waveguides,”  IEEE  J. 
Quantum  Electron. ,29,  1993,  pp  150-153. 

[3]  Ashmeet  K.  Taneja,  Sangeeta  Srivastava  and  Enakshi  Khular  Sharma,  “Closed  form  expression  for 
propagation  characteristics  of  diffused  planar  optical  waveguides,”  Microwave  and  Opt.  tech .  Lett.  Vol.  15, 
1997,  pp.  305-310. 

[4]  BPM_CAD:  Waveguide  Optics  Modeling  Software  Systems,  Version  4.0;  Optiwave  Corporation,  Canada. 

[5]  I.  Bauman,  S.  Bosso,  R.  Brinkmann,  R.  Corsini,  M,  Dinand,  A.  Greiner,  K.  Schafer,  J.  Sochtig,  H.  Suche  and 

R.  Wessel,  “Er-doped  integrated  optical  devices  in  hiNbO$,”IEEE  J.  Selected  Topics  Quantum  Electron  Vol. 
2,  1996,  pp.  355-365. 

[6]  Adams.  M.  .J.  An  Introduction  to  Optical  Waveguides ;  Wiley  Interscience,  New  York. 

[7]  William  H.  Press,  Saul  A.  Teukolsky,  William  T.  Vellerling  and  Brain  P.  Flannery,  Numerical  Recipes  in 

Fortran ,  (Cambridge  University  Press). 

[8]  Manfred  Dinand,  Wolfgang  Sohler,  “Theoretical  modeling  of  optical  amplification  in  Er-doped  Ti:  LiNb03 
waveguide,”  IEEE  J.  Quantum  Electron  30,  1994,  pp.  1267-1276. 

[9]  Shih-Chieh-Chao,  Mu-Shiang  Wu,  Woo-Hu  Tsai,  “Variational  Analysis  of  Modal  Coupling  Efficiency 
between  Graded  Index  Optical  Waveguide,”  J .  Lightwave  Technol .,  Vol.  12,  1994,  pp.  1543-1549. 

[10]  Sunanda  and  Enakshi  Khular  Sharma,  “Field  variational  analysis  for  modal  gain  in  Erbium-doped  fiber 
amplifier,”  J.  Opt.  Soc.  Am.  B  16,1999,  pp.  1344-1347. 

[11]  Snyder,  A.W.  Love,  J.D.  Optical  Waveguide  Theoiy ,  Chapman  and  Hall,  London. 


Proc.  of  SP1E  Vol.  5349  171 


Invited  Paper 


172 


Simulations  of  %(2)  nonlinear  optical  devices  with  comparisons  to 

laboratory  performance 

A.  V.  Smith  and  D.  J.  Armstrong 

Sandia  National  Laboratories 
Dept.  1 1 18, Albuquerque,  NM  87185-1423 

W.  J.  Alford 

Coherent  Technologies,  Inc. 

135  Taylor  Dr.,  Louisville,  CO  80026 

M.  S.  Bowers 

Aculight  Corporation 

1 1805  N.  Creek  Parkway,  Bothell,  WA  9801 1 


Abstract 

We  have  developed  public  domain  numerical  models  of  nonlinear  three-wave  mixing  in 
birefringent  crystals  that  include  diffraction  and  dispersion.  They  are  suitable  for  detailed 
and  realistic  modeling  of  mixing  for  both  a  single  crystal  pass  and  for  multiple  passes 
appropriate  for  a  crystal  in  a  resonant  cavity.  We  routinely  compare  our  models  with 
laboratory  devices,  usually  achieving  excellent  agreement. 


Crystals  that  lack  inversion  symmetry  have  a  small  quadratic  response  to  optical  fields. 
The  polarization  induced  by  the  electric  field  of  an  optical  wave  is  given  by 

P  =  X(VtE+%[2)E2 

The  nonlinear  polarization  described  by  the  second  term  has  Fourier  frequencies  at  all 
possible  sum  and  differences  of  the  driving  wave(s).  If  a  freely  propagating  wave  at  one 
of  these  frequencies  has  the  same  phase  velocity  as  the  polarization,  energy  can  be 
efficiently  coupled  to  it,  making  possible  substantial  energy  transfer  from  the  driving 
waves  to  the  driven  wave.  Perhaps  the  simplest  example  is  second  harmonic  generation 
in  which  a  wave  of  frequency  co  enters  the  crystal  and  waves  at  frequency  to  and  2co  exit. 
More  generally,  the  crystal  mediates  sum-  and  difference-frequency  mixing  in  which 
waves  of  frequencies  C0|  and  cch  enter  and  frequencies  (003  =(01  +  0)2)  and  (©3  =  C0|  -  (0?) 
are  generated.  In  the  case  of  difference-frequency  generation,  the  two  redder  waves  both 
experience  gain  at  the  expense  of  the  blue  wave.  This  gain  can  be  exploited  to  make  an 
optical  parametric  oscillator  by  placing  the  crystal  between  mirrors  for  feedback  of  one  or 
both  of  the  red  waves. 

Good  numerical  models  of  these  mixing  processes  address  several  needs.  First,  there  are 
50  or  more  nonlinear  crystals  from  which  to  choose,  each  with  different  properties  that 
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impact  their  performance.  It  is  crucial  to  choose  a  crystal  for  each  application  with  the 
proper  transmission  range,  walkoff,  and  nonlinearity,  among  other  properties.  And  of 
course  it  must  be  possible  to  achieve  phase  matching.  A  good  database  of  crystal 
properties  coupled  to  functions  for  calculating  refractive  indices  and  phase  matching  is 
invaluable  to  this  task.  A  second  function  of  models  is  design  optimization.  Crystals  and 
related  optics  are  expensive,  often  costing  $  1  Ok  or  more  for  a  simple  parametric 
oscillator,  so  it  is  important  to  test  the  expected  performance  to  avoid  expensive  design 
mistakes.  A  third  function  is  to  develop  new  design  concepts  for  nonlinear  devices.  I 
will  give  some  examples  later.  Another  function  is  to  validate  the  performance  of  a 
laboratory  device.  It  is  not  unusual  to  encounter  problems  in  the  quality  of  the  crystal  and 
optics.  If  a  numerical  model  is  to  be  useful  to  the  community  of  device  builders  rather 
than  just  to  professional  modelers,  it  is  necessary  to  make  it  user  friendly  and  adaptable. 
It  is  also  a  good  idea  to  make  the  source  code  public  domain. 


The  somewhat  simplified  form  of  the  equations  that  describe  propagation  and  mixing  of 
three  paraxial  waves  in  a  crystal  are  of  the  form 


/•  ,  d  i  a  .  a2 

— V:  +tan  p , - 1 - Via, — 7 

2k f  '  Fjdx  V/dt  Jdr 


£j(x,y. 


t)  =  Pj(x,y,z,t)  e±iAk: 


where  P,  is  the  nonlinear  polarization  driving  the  j'h  wave  and  Ak  is  the  phase  mismatch. 
The  terms  underlined  once  account  for  walkoff  at  the  angle  p  and  diffraction  in  the  plane 
normal  to  propagation.  Terms  underlined  twice  describe  the  translation  of  short  time 
structures  with  group  velocity  v  and  the  evolution  of  time  structure  due  to  group  velocity 
dispersion. 

The  equations  can  be  integrated  numerically  using  various  methods  but  we  find  that  the 
well  known  split-step,  Fourier  method  is  fast  and  robust.  In  the  split-step  method  the 
integration  over  one  z  step  is  split  into  two  separate  alternating  steps,  one  being  the 
propagation  in  the  absence  of  the  polarization  terms,  and  the  second  being  nonlinear 
mixing  in  the  absence  of  the  propagation  terms.  The  propagation  is  handled  in  {co,k} 
space  and  the  mixing  is  handled  in  {t,x}  space.  Similar  models  have  been  widely 
published  and  are  included  in  packages  such  as  the  commercial  physical  optics  code 
GLAD1  and  in  laser/nonlinear  optics  packages  such  as  Miro2'3. 

There  are  two  types  of  devices  to  model;  a  single  pass  of  the  crystal,  or  multiple  passes  in 
cases  where  the  crystal  is  in  a  resonant  cavity.  Examples  of  cavity  devices  include  cavity 
enhanced  second  harmonic  generation  where  the  fundamental  wave  is  resonated  to  build 
up  its  intensity,  and  optical  parametric  oscillators  where  one  or  two  or  even  all  three 
waves  are  resonated.  Integrating  the  full  propagation  equations  with  both  diffraction  and 
dispersion  can  be  demanding  in  processor  time  and  memory,  particularly  for  cavity 
devices,  but  this  is  often  unnecessary.  If  the  difference  in  group  velocities  leads  to 
temporal  walkoff  among  the  three  waves  that  is  less  than  the  duration  of  the  finest  time 
structure,  it  is  usually  not  necessary  to  include  the  dispersion  terms.  Similarly,  if  the 
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spatial  walkoff  and  diffraction  is  small  compared  with  the  finest  spatial  structure  it  is  not 
necessary  to  include  the  diffractive  terms.  Our  package  of  models  includes  several  such 
simplified  versions.  However,  if  both  diffraction  and  dispersion  are  needed  it  is  still 
possible  in  most  cases  to  model  the  device  on  a  desktop  computer  with  run  times  ranging 
from  a  few  seconds  for  femtosecond  or  picosecond  pulse  devices  to  a  few  hours  for 
broadband,  large-beam,  nanosecond  optical  parametric  oscillators.  More  detail  is  given  in 
references  3-8. 

Reference  6  provides  an  example  of  a  new  device  concept  developed  using  these  models. 
We  noticed  in  our  models  of  nanosecond  OPO’s  that  the  quality  of  the  signal  beam 
generated  by  a  ring  cavity  OPO  with  birefringent  walkoff  between  the  signal  and  idler 
waves  was  better  in  the  walkoff  direction  than  in  the  other  transverse  direction.  This  led 
to  the  idea  that  rotating  the  image  of  the  signal  beam  on  each  pass  of  the  optical  cavity 
could  provide  good  beam  quality  in  both  transverse  dimensions.  We  verified  this  idea 
using  the  models,  and  we  also  optimized  the  image  rotating  cavity  design  based  on  the 
models,  with  the  result  that  the  laboratory  device  worked  well  on  the  first  try. 

A  second  example  of  the  utility  of  the  models  is  as  a  diagnostic  for  a  1500  nm 
nanosecond  OPO  based  on  KTA  crystals.  In  comparisons  between  predicted  and 
laboratory  performance  we  noted  a  large  difference  in  thresholds  and  efficiencies.  They 
could  be  reconciled  by  reducing  the  nonlinear  coefficient  of  the  crystal  by  40%, 
indicating  that  either  the  crystal  was  defective  or  the  reported  values  of  the  nonlinear 
coefficient  were  in  error. 


0  100  200  300  400 

Pump  Energy  (mJ) 

Fig.  1  Comparison  of  model  and  experiment  for  a  KTP  OPO  showing 
that  the  crystal  is  defective  or  the  nonlinear  coefficient  is  incorrect. 


Our  public  domain  software  SNLO  and  related  source  codes  can  be  downloaded  without 
charge  at  http://www.sandia.gov/imrl/XWEBl  128/xxtal.htm. 
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ABSTRACT 

In  this  work,  we  describe  tunable  wavelength  converters  based  on  a  photodiode  receiver  integrated  with  a  tunable  laser 
transmitter  Devices  are  fabricated  on  a  robust  InP  ridge/InGaAsP  waveguide  platform.  The  photodiode  receiver 
consists  of  an  integrated  SOA  pre-amplifier  and  a  PIN  diode  to  improve  sensitivity.  The  laser  transmitter  consists  of  a 
1550  nm  widely  tunable  SGDBR  laser  modulated  either  directly  or  via  an  integrated  modulator  outside  the  laser  cavity. 
An  SOA  post-amplifier  provides  high  output  power.  The  integrated  device  allows  signal  monitoring,  transmits  at  2.5 
GB/s,  and  removes  the  requirements  for  filtering  the  input  wavelength  at  the  output.  Integrating  the  SGDBR  yields  a 
compact  wavelength  agile  source  that  requires  only  two  fiber  connections,  and  no  off-chip  high  speed  electrical 
connections.  Analog  and  digital  performance  of  directly  and  externally  modulated  wavelength  converters  is  also 

described. 

Keywords:  Optoelectronics,  Indium  Phosphide,  Wavelength  Conversion,  Tunable  lasers 

1.  INTRODUCTION 

Tunable  wavelength  converters  represent  a  novel  class  of  highly  sophisticated  photonic  integrated  ciicuits  that  are 
crucial  in  the  functions  or  functioning  or  for  functions  of  future  optical  networks[l].  They  allow  for  the  manipulation  of 
wavelengths  in  WDM  optical  switches,  routers  and  add/drop  multiplexers.  Many  different  implementations  of  non- 
tunable  wavelength  converters  have  been  proposed:  using  cross  phase  modulation  (XPM)  in  semiconductor  optical 
amplifiers  (SOAs),  and  fiber  [2,3],  and  cross  absorption  modulation  (XAM)  in  EAMs[4].  In  our  previous  work,  we 
have  demonstrated  tunable  photocurrent  driven  wavelength  converters  utilizing  a  photodiode  driving  a  laser  or  a 
modulator[5,  6].  High-speed  integrated  photodiodes  and  electroabsorption  modulators  suitable  for  wavelength 
conversion  have  also  been  proposed"by  other  groups  [7,  8],  Many  of  these  architectures  have  been  demonstrated  to 
perform  the  significant  feature  of  digital  signal  regeneration  -  including  improvements  in  extinction  ratio,  signal  to 
noise  ratio,  pulse  width  control,  etc.  Monolithically  integrated,  widely-tunable  all-optical  wavelength  converters  (TAO- 
WC)[9]  have  been  demonstrated  and  have  shown  promise  to  allow  for  the  conversion  of  one  wavelength  to  another 
without  requiring  the  signal  to  pass  through  electronics.  In  this  paper,  we  will  describe  our  work  on  tunable 
photocurrent  driven  WC's,  and  compare  them  against  one  another  as  well  as  against  the  TAO-WC  approach  pursued  at 
UCSB. 

2.  PHOTOCURRENT  DRIVEN  TUNABLE  WAVELENGTH  CONVERSION 

The  simplest  photocurrent-driven  wavelength  converter  (PD-WC)  consists  of  a  photodiode  receiver  directly  modulating 
a  laser  diode  (Figure  1  left).  Optical  input  is  incident  upon  a  reverse  biased  photodiode,  which  generates  a  photocurrent 
directly  modulating  the  gain  section  of  an  integrated  laser.  The  laser,  and  therefore  the  wavelength  converter,  can  be 
made  tunable  by  embedding  the  gain  section  within  tunable  mirrors  such  as  implemented  in  the  sampled-gating 
distributed  Bragg  reflector  (SGDBR)  laser  [10].  A  separate  DC  electrode  connected  to  the  gain  section  can  bias  the 
laser  to  a  leversuitable  for  high  output  extinction.  Above  laser  threshold,  the  design  affords  linear  operation,  which  is 
of  importance  for  application  in  analog  links.  In  the  direct  mod.  approach,  the  extinction  ratio  of  the  converted  output  is 
proportional  to  the  photocurrent  and  the  laser  differential  efficiency.  In  order  to  improve  the  extinction  ratio,  we 
implement  integrated  optical  pre-amplifiers  with  on-chip  SOAs  to  generate  increased  photocurrent. 

Modulation  bandwidth  of  the  directly  modulated  PD-WC  is  ultimately  limited  by  the  relaxation  resonance  frequency  of 
the  laser,  typically  ~  6GHz  in  SGDBRs.  External  modulation  of  the  laser,  via  an  electro-absorption  modulator  (EAM) 
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or  a  Mach-Zenhder  modulator  (MZM),  represents  a  second  important  class  of  tunable  photocurrent-driven  wavelength 
converter  approaches  (Figure  1  right).  In  these  configurations,  the  photocurrent  generates  a  voltage  via  a  load  resistor, 
which  in  turn,  modulates  the  transmission  of  the  light  through  an  EAM  or  MZM.  Utilizing  either  EAMs  or  MZMs  may 
lower  the  photocurrent  requirements,  and  offers  reduced  (and  perhaps  tunable)  chirp  suitable  for  higher  data  rates. 

The  semiconductor  optical  amplifier  Mach-Zehnder  interferometer  (SOA-MZI)  wavelength  converter  is  another 
important  class  of  tunable  integrated  wavelength  converters  that  also  implements  the  significant  feature  of  digital  signal 
regeneration.  Instead  of  being  photocurrent  driven,  the  SOA-MZI  WC  is  based  upon  the  cross-phase  modulation,  where 
all  of  the  light  interaction  between  the  original  data  and  the  new  signal  takes  place  in  the  one  arm  of  an  MZI.  The 
monolithically  integrated  SOA-MZI  WC  consists  of  an  InP  SGDBR  laser  integrated  with  a  MZI  (Figure  2).  The  laser 
and  the  interferometer  are  connected  via  a  multimode  interference  (MMI)  splitter.  The  input  signal  is  coupled  onto  the 
chip  through  a  tapered  input  waveguide,  and  then  amplified  by  an  800  pm  long  input  semiconductor  optical  amplifier. 
The  same  MMI  splitter/combiner  design  is  used  to  connect  the  data  input  waveguide  with  one  of  the  interferometer's 
SOAs,  as  well  as  to  combine  the  light  from  the  two  branches  at  the  interferometer  output.  Waveguides  in  Mach-Zehnder 
branches  are  of  the  same  width  and  length,  hence,  with  no  external  stimuli  the  signal  traversing  the  two  interferometer 
arms  will  experience  no  phase  change,  compared  to  each  other,  and  thereby  add  constructively  at  the  output. 

All  of  the  designs  described  in  this  section  have  the  significant  capability  for  electronic  signal  monitoring  which  is  a  key 
function  required  for  high  speed  data  networks. 

3.  DEVICE  DESIGN 

3.1.  Device  structure  design 

Tunable  PD-WC's  consist  of  a  receiver  stage,  which  collects,  amplifies,  absorbs  and  converts  the  light  into  a 
photocurrent,  and  a  transmitter  stage  which  has  a  tunable  laser  and  perhaps  a  modulator.  Our  designs  are  fabricated  on 
a  robust  exposed  InP  ridge  platform  with  a  quartemary  InGaAsP  waveguide.  SOAs  are  used  for  optical  pre¬ 
amplification  of  the  input  signal,  and  to  boost  the  converted  output  signal.  Photodiodes  are  all  waveguide  type  utilizing 
either  Franz-Keldysh  (no  QWs)  or  quantum  confined  stark  effect  (QW)  absorption.  SOAs  are  typically  3pm  wide  by 
500  to  800  pm  long.  Photodiode  ridges  are  3pm  wide  by  50  to  100  pm  long. 

The  transmitter  stage  consists  of  a  SGDBR  laser,  tunable  over  the  entire  C-band.  The  exposed  ridge  waveguide  laser 
consists  of  5  sections:  front  and  rear  SGDBR  mirror  sections,  phase  section,  gain  section  and  a  backside  absorber.  The 
Laser  output  wavelength  tuning  is  achieved  by  current  injection  into  the  SGDBR  front  and  real'  mirrors  that  utilize  the 
vernier  effect  to  select  dominant  lasing  mode.  The  front  mirror  consists  of  5  4  pm  wide  burst  on  a  68.5  pm  pitch.  The 
real*  mirror  consists  of  12  6  pm  wide  bursts  on  a  68.5  pm  pitch.  The  gain  section  is  550  pm  long  and  the  phase  section 
is  75  pm  long. 

3.2.  Device  fabrication  and  testing 

The  devices  are  fabricated  on  an  exposed  ridge  strip  design  with  a  single  blanket  P-type  InP  regrowth.  The  layer 
structure  consists  of  a  350  nm  thick  1.4Q  quartemary  waveguide  with  seven  compressively  strained  (1%)  1.55pm 
quantum-well  active  regions  grown  on  top,  separated  by  a  thin  InP  etch  stop  layer  (Figure  3).  Epi  growth  is  performed 
in  a  Thomas  Swan  near-atmospheric  MOCVD  reactor  using  tertiary- butyl  phosphine  and  tertiary- butyl  arsine  for  the 
group  V  precursors,  and  diethylsilane  and  diethylzinc  for  the  dopants.  Passive  sections,  such  as  SGDBR  mirrors,  phase 
and  franz-keldysh  modulators/detectors  are  formed  by  selectively  etching  off  the  quantum  wells  in  a  wet  etch  process. 
The  sampled  grating  DBR  laser  mirrors  are  defined  using  a  two-step  lithography/holography  process  and  etched  directly 
into  the  top  of  the  waveguide  using  a  CPfr/PL/Ar  RIE  process.  Blanket  regrowth  of  a  thick  p-InP  cladding  and  an 
InGaAs  cap.  3  pm  wide  exposed  ridges  are  formed  after  regrowth  lithographically  using  a  combined  dry- wet  etch 
process  to  provide  smooth  sidewalls  and  minimize  scattering  loss.  E-beam  evaporated  Ni/AuGe/Ni/Au  metal  is  used  to 
contact  the  N-type  semiconductor  and  Ti/Pt/Au  is  used  to  contact  the  P-type  semiconductor.  Selectively  removing  the 
regrown  P-type  InGaAs  and  implanting  protons  provides  carrier  confinement  between  adjacent  device  sections.  The 
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temperature  of  the  N-type  contact  anneal  is  ~  430C,  which  significantly  repairs  the  proton  induced  damage  used  for 
section  isolation,  requiring  that  N-metal  formation  and  anneal  occur  prior  to  proton  implant.  The  implant  is  designed  to 
penetrate  through  the  p-InP  cladding  and  stop  just  above  the  waveguide  to  avoid  creating  defects  in  the  intrinsic  region 
that  would  lead  to  increased  optical  loss.  In  order  to  reduce  the  capacitance,  a  multiple  layer  dielectiic  stack  of  PECVD 
silicon  nitride  and  biscyclobutene  (Dow  Chemical  Cyclotene  4024)  is  used  to  separate  the  semiconductor  from  the  pad 
metallization.  Following  Ti/Pt/Au  P-type  metallization  and  anneal,  devices  are  lapped  back  to  100  urn  thickness, 
cleaved  into  bars  and  AR  coated.  Working  devices  are  mounted  on  probable  AIN  carriers  with  Pb/Sn/Ag  solder. 

Figure  4  shows  a  schematic  of  the  experimental  arrangement.  An  Agilent  70841 A  2.5  Gbps  pseudo-random  bit 
sequencer  (PRBS)  was  used  to  drive  an  Agilent  83433A  optical  transmitter.  The  modulated  optical  signal  was  amplified 
and  coupled  into  the  wavelength  converter.  Flextronics  conical  tip  lensed  fibers  mounted  on  Melles  Griot  piezo-electric 
three  axis  stages  were  used  to  couple  the  light  onto  and  off  of  the  wavelength  converters.  Wavelength  converteis  were 
mounted  on  AIN  carriers  on  top  of  a  thermoelectric  cooler  to  provide  temperature  stabilization.  The  output  power  of  the 
wavelength  converter  is  controlled  by  an  optical  attenuator  before  it  is  received  by  an  Agilent  83434A  optical  receiver, 
connected  to  an  Agilent  70842B  2.5  Gbps  bit  error  rate  tester  (BERT).  The  received  eye  could  also  be  directly  observed 
in  an  Agilent  86 100 A  high-speed  oscilloscope.  The  amplified  monitor  signal  from  the  OEIC-WC  device  could  also  be 
observed  in  the  oscilloscope.  For  back-to-back  testing,  i.e.  without  wavelength  conversion,  the  optical  transmitter  was 
directly  connected  to  the  optical  receiver  via  an  optical  attenuator. 

4.  WAVELENGTH  CONVERTER  COMPONENT  RESULTS 

Crucial  to  the  operation  of  photocurrent  driven  wavelength  converters  is  a  high  efficiency  receiver.  Two  types  of 
photodiodes  have  been  investigated:  Franz-Keldysh  and  QW  absorbers.  Figure  5  (left)  shows  the  detected  photocurrent 
of  an  optically  pre-amplified  QW  photodiode  of  50  and  100  pm  length.  Current  saturation  is  observed  and  is  due  to 
both  power  saturation  in  the  SOA,  and  QW  band  filling.  An  improved  photodetector  can  be  fabiicated  using  Franz- 
Keldysh  absorption.  Figure  5  (right)  shows  the  detected  photocurrent  vs.  reverse  bias  for  different  fiber  optical  power 
levels  for  such  a  device  without  any  optical  pre-amplification  on  chip.  No  saturation  is  observed  up  to  photocurrents  of 
at  least  30  mA.  Others  using  the  same  structure  have  observed  even  higher  saturation  currents,  up  to  70  mA  [11]. 
Coupling  efficiency  from  the  lensed  fiber  to  the  waveguide  mode  was  ~  25%. 

Figure  6  shows  the  modulation  bandwidth  of  the  directly  modulated  SGDBR  tunable  laser.  The  relaxation  resonance 
frequency  of  the  laser  limits  the  modulation  bandwidth  to  a  few  GHz.  To  obtain  a  flat  bandwidth  response  to  above  2.5 
GHz,  the  laser  must  be  DC  biased  at  least  to  100  mA.  For  directly  modulated  wavelength  converters,  the  resulting 
extinction  ratio  is  limited  by  the  available  photocurrent  from  the  receiver 

Externally  modulated  wavelength  converters  utilize  a  DC  biased  SGDBR  laser  with  an  additional  EAM  oi  MZM 
modulator.  The  potential  used  to  drive  the  modulator  is  developed  across  a  50  Q  load  resistor  connected  in  parallel.  As 
discrete  components,  the  crucial  figure  of  merit  for  modulators  is  modulation  efficiency  in  dB/Volt.  Figure  7  (left) 
shows  the  extinction  of  a  bulk  ffanz-Keldysh  EAM  and  Figure  7  (right)  shows  the  extinction  vs.  bias  for  a  MZM.  The 
maximum  obtained  EAM  efficiency,  for  a  10  dB  transmission  loss  is  -  10  dB/V  at  1530  nm,  and  the  efficiency  drops  as 
the  wavelength  moves  away  from  the  waveguide  absorption  edge.  Higher  modulation  efficiencies  can  be  obtained  by 
operating  at  larger  DC  biases,  at  the  expense  of  overall  transmission.  The  MZM  exhibits  an  increased  ~  20  dB/V 
modulation  efficiency,  at  the  expense  of  device  area  and  complexity  compared  to  the  EAM. 

5.  WAVELENGTH  CONVERTER  MODULATION  RESULTS 

All  of  the  wavelength  converter  implementation  were  successfully  fabricated  and  were  tested  using  the  setup  described 
in  Figure  4  previously.  Figure  8  shows  input  and  output  eye  diagrams  at  2.5  GB/s  for  the  directly  modulated  WC,  the 
MZM  WC  and  the  SOA-MZI  WC.  All  three  demonstrated  clearly  open  eyes  at  2.5  GB/s  data  rates  across  at  least  a  20 
nm  SGDBR  laser  tuning  range.  Extinction  ratio  for  the  directly  modulated  WC  was  ~  3  dB  as  the  photocurrent  was 
limited  in  fully  integrated  devices  due  to  a  fabrication  error  resulting  in  higher  than  expected  contact  resistance. 
Extinction  ratio  for  both  MZM-WC  and  SOA-MZI  WC  was  greater  than  -  8dB. 
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All  of  the  wavelength  converter  approaches  fabricated  demonstrated  error-free  operation  at  10'9  BER  with  a  2.5  GB/s 
231-1  PRBS  signal  (Figure  9).  Power  penalties  were  8  dB,  1-2  dB  and  <1  dB  for  the  direct  mod  WC,  MZM  and  SOA- 
MZI  WC  respectively.  The  larger  power  penalty  for  the  direct  mod  WC  was  due  to  the  lower  than  expected  extinction. 

6.  CONCLUSIONS 

We  described  tunable  wavelength  converters  based  on  a  photodiode  receiver  integrated  with  a  tunable  laser  transmitter. 
Devices  are  fabricated  on  a  robust  InP  ridge/InGaAsP  waveguide  platform.  The  photodiode  receiver  consists  of  an 
integrated  SOA  pre-amplifier  and  a  PIN  diode  to  improve  sensitivity.  The  laser  transmitter  consists  of  a  1550  nm 
widely  tunable  SGDBR  laser  modulated  either  directly  or  via  an  integrated  modulator  outside  the  laser  cavity.  An  SOA 
post-amplifier  provides  high  output  power.  The  integrated  device  allows  signal  monitoring,  transmits  at  2.5  GB/s,  and 
removes  the  requirements  for  filtering  the  input  wavelength  at  the  output.  Integrating  the  SGDBR  yields  a  compact 
wavelength  agile  source  that  requires  only  two  fiber  connections,  and  no  off-chip  high  speed  electrical  connections. 
Analog  and  digital  performance  of  directly  and  externally  modulated  wavelength  converters  is  also  described. 
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Figure  1 .  Left:  Equivalent  circuit  of  directly  modulated  wavelength  converter 

Right:  Equivalent  circuit  of  externally  modulated  wavelength  converter 


Figure  2.  Schematic  of  three  different  wavelength  converters  based  on  a  common  InP  SGDBR  laser  process,  (a)  diiectly 
modulated,  (b)  MZM  modulated  and  (c)  SOA-MZI  all-optical 
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Figure  3.  InP  MOCVD  epitaxial  structure  of  directly  modulated  WC. 


Figure  4.  Experimental  arrangement  for  2.5  Gbps  wavelength  conversion  demonstration.  Thick  line  indicates  optical 
path  while  thin  line  indicated  electrical  path. 


Figure  5.  (a)  QW  absorber  photodiode  I-L  response  and  (b)  Franz-Keldysh  absorber  photodiode  I-V. 
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Figure  6.  Modulation  bandwidth  of  an  SGDBR  laser  as  a  function  of  gain  section  bias  current.  Optical  power  output  is 
labeled  on  individual  curves. 
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Figure  7.  Optical  Extinction  vs.  Voltage  for  (a)  600  um  long  EAM  and  (b)  Mach-Zender  modulator 
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(a)  (b)  (c)  (d) 


Figure  8.  2.5  Gb/s  optical  eyes,  231-1  NRZ  pattern,  (a)  input  signal,  (b)  directly  modulated  WC  output  eye,  (c)  MZM 
WC  output  eye  and  (d)  SOA-MZI  all-optical  output  eyes. 
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ABSTRACT 

In  this  paper,  we  present  three-dimensional  (3D)  simulation  results  for  an  integrated  wavelength  converter  which 
monolithically  combines  a  pre-amplifying  receiver  with  a  post-amplified  sampled-grating  distributed  Bragg  reflector 
tunable  laser  diode.  The  self-consistent  physical  model  used  in  the  simulation  takes  into  account  gain  and  absorption  in 
the  quantum  wells,  carrier  drift  and  diffusion,  and  optical  wave-guiding.  In  order  to  validate  and  calibrate  the  model,  we 
compare  the  results  to  available  experimental  data.  Microscopic  physical  processes  inside  the  converter  components  are 
revealed  and  analyzed,  such  as  receiver  saturation  effects. 

Keywords:  Optoelectronic  integrated  circuits,  OEIC,  wavelength  converter,  numerical  simulation 

1.  INTRODUCTION 

Our  wavelength  converter  electrically  couples  an  optical  receiver  for  any  input  wavelength  of  the  C  band,  e.g.,  X-m  = 
1530  nm,  with  an  optical  transmitter  for  any  other  output  wavelength  of  the  C  band,  e.g.,  A,out  =  1550  nm  (Fig.  1).  The 
receiver  integrates  signal  pre-amplification  by  a  500  pm  long  semiconductor  optical  amplifier  (SOA)  and  signal 
detection  by  a  50  pm  long  waveguide  photodiode  (WPD).  The  optical  signal  is  converted  into  an  electrical  signal  that 
directly  modulates  a  sampled-grating  distributed-Bragg-reflector  (SGDBR)  laser  diode  which  is  integrated  with  a 
semiconductor  optical  amplifier  (SOA)  for  signal  enhancement.1  The  SGDBR  laser  can  be  tuned  to  emit  at  any 
wavelength  of  the  C  band. 


re  a  r  a  n  d  fro  nt  D  B  R  rn  i  rro  ns  ~ 


Fig.  1:  Schematic  view  of  the  InP-based  integrated  wavelength  converter. 


1  Corresponding  author,  e-mail:  piprek@ieee.org 
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The  structure  of  the  different  components  is  very  similar  as  all  are  based  on  the  same  epitaxial  growth  (Tab.  1).  An 
offset  multi-quantum-well  (MQW)  active  region  is  grown  on  top  of  the  waveguide  region.  A  ridge  waveguide  structure 
is  etched  through  the  MQW  region.  Passive  device  sections  are  formed  by  etching  off  the  MQWs  completely. 


Layer 

Material 

Thickness 

nm 

Doping 

1018  cm'-1 

Refractive 

index 

p-contact 

InGaAs 

100 

30  (p) 

3.72  1 

r - — - — - 

upper  cladding 

InP 

1600 

1  (P) 

3.167 

- L- L. - — S - — — - 

upper  cladding 

InP 

200 

0.3  (p) 

3.167 

_ P- . . . — £ - — — 

doping  setback 

InP 

50 

- 

3.167 

_ JL £2 — - — - 

quantum  barrier  (8x) 

Ino  7^Gao_265  ASq.5  1 3P 0.487 

8 

- 

3.396 

quantum  well  (7x) 

Ino.735Gao.265AS0.845po.155 

6.5 

- 

3.616 

etch  stop 

InP 

10 

- 

3.167 

waveguide 

Ino6i:Gao.338ASo.728Po.272 

350 

0.1  (n) 

3.455 

lower  cladding 

InP 

1400 

1  (n) 

3.167 

etch  stop  /  n-contact 

InGaAs 

100 

1  (n) 

3.72 

Buffer 

InP 

1000 

- 

3.167 

Tab.  1  Epitaxial  layer  sequence  of  the  devices  simulated. 


The  self-consistent  numerical  simulation2  includes  band-structure  and  gain  calculations  for  the  strained  quantum  wells, 
earner  transport,  optical  waveguiding,  and  Bragg  reflection.  Field  effects  on  MQW  gain  and  absorption  (quantum 
confined  Stark  effect)  are  considered  as  well  as  free-carrier  and  intervalence  band  absorption.  InGaAsP  material 
parameters  are  adjusted  based  on  recent  publications. 

The  next  section  discusses  2D  simulation  results  and  general  device  physics.  The  following  section  addresses  the 
specifics  of  each  device  based  on  3D  simulation.  Section  4  compares  simulation  results  to  available  receiver 
measurements  and  discusses  parameter  calibration  issues. 


2.  TWO-DIMENSIONAL  SIMULATION 


2.1  Optical  Waveguiding 

The  software  solves  the  scalar  Helmholtz  equation  in  two  dimensions  to  obtain  the  intensity  of  the  fundamental  mode 
W0(x,y).  The  vertical  profile  W0(0,y)  is  plotted  in  Fig.  2  together  with  the  refractive  index  profile.  The  unsymmetrical 
index  profile  results  in  an  optical  confinement  factor  for  the  quantum  wells  of  T=0.06.  The  2D  mode  profile  is  given  in 
Fig.  3.  It  is  well  confined  by  the  p-InP  ridge.  In  agreement  with  experimental  results,  fundamental  mode  operation  is 
assumed  here.  Near  1.55pm  wavelength,  optical  losses  are  mainly  caused  by  intervalence  band  absorption  (IVBA).  The 
IVBA  coefficient  is  considered  proportional  to  the  local  hole  density,  i.e.,  it  is  only  relevant  within  the  quantum  wells 
and  within  p-doped  regions.  The  total  local  absorption  coefficient  is  calculated  as 

a  (x,y)  =  otb  +  kn  n  +  kp  p  (1) 

with  the  background  loss  ab.  the  electron  density  n  and  the  hole  density  p.  The  hole  coefficient  kp=  25  x  10  'W',  the 
electron  coefficient  k„=  1  x  10  I8cnf  and  the  background  value  ab=  10  cm'1  are  employed  in  our  calculations. 
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Fig.  2:  Vertical  profile  of  refractive  index  and  optical  intensity 
of  the  fundamental  mode. 
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Fig.  3:  2D  intensity  profile  of  the  fundamental  waveguide  mode 
for  half  the  device  (y  -  symmetry  plane,  ridge  width  =  3  jam). 


2.2  Multi-Quantum  Well  Active  Region 

The  energy  band  diagram  of  the  multi-quantum  well  active  region  is  plotted  in  Fig.  4.  The  etch  stop  layer  is  needed  for 
longitudinal  integration  of  different  devices,  however,  it  constitutes  a  barrier  for  electron  injection  into  the  MQW  which 
requires  thermionic  emission  of  electrons  from  the  waveguide  layer.  The  common  conduction  band  edge  offset  ratio 
AEC  /  AEg  =  0.4  is  employed  at  all  interfaces  (Ec  -  conduction  band  edge,  Ee  -  band  gap).  On  the  other  hand,  the  etch 
stop  layer  also  generates  a  barrier  in  the  valence  band,  which  helps  to  prevents  holes  from  escaping  the  MQW. 


Fig.  4  Energy  band  diagram  of  the  active  region.  Fi§-  5:  Energy  vs.  transversal  wavenumber  for  the  quantum 

well  valence  subbands  (from  top:  HH1,  HH2,  LH1,  HH3). 


For  the  quantum  wells,  compressive  strain  of  0.88%  is  calculated.  The  tensile  strain  in  the  barrier  is  -0.2%.  The 
conduction  bands  are  assumed  parabolic  with  an  in-plane  effective  mass  of  0.0447.  The  non-parabolic  valence  bands 
are  calculated  using  the  popular  4x4  kp  method  including  valence  band  mixing  (Fig.  5).  Three  heavy  hole  (HH)  levels 
and  one  light  hole  (LH)  level  are  found.  The  relevant  top  level  has  an  effective  HH  mass  of  ©s3  at  the  f  point. 
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2.3  Carrier  Transport 

The  drift  and  diffusion  of  electrons  and  holes  is  calculated  by  solving  the  semiconductor  transport  equations.3  For 
forward  bias  operation  (95  mA)  of  amplifier  or  laser,  Fig.  6  gives  the  vertical  carrier  density  profile  in  the  center  of  the 
device.  The  average  quantum  well  carrier  density  is  about  2  x  IOl8cm'\  The  lateral  carrier  density  profile  reveals 
relatively  strong  lateral  carrier  diffusion  away  from  the  waveguide  ridge.  The  corresponding  lateral  profiles  of  the 
recombination  rates  are  plotted  in  Fig.  7.  Stimulated  recombination  is  restricted  to  the  fundamental  optical  mode  profile 
(cf.  Fig.  3).  The  strongest  carrier  loss  is  caused  by  the  Auger  recombination  rate 

Rau?=  np(C„n  +  Cpp)  (2) 

with  the  preliminary  Auger  parameters  C„=0  and  Cp=  8  x  10'"9  cm6/s.  Those  parameters  can  later  be  adjusted  to  fit 
experimental  characteristics.  Spontaneous  emission  is  calculated  by  integrating  the  spontaneous  emission  rate,  it  is 
proportional  to  the  square  of  the  carrier  density.  Shockley-Read-Hall  (SRH)  recombination  at  crystal  defects  and 
interfaces  is  inversely  proportional  to  the  SRH  lifetime  of  the  earners.  We  here  assume  a  uniform  SRH  lifetime  of  20  ns 
for  electrons  and  holes  throughout  the  device.  This  value  is  longer  than  the  total  (measured)  lifetime  which  includes  all 
recombination  mechanisms. 


Fig.  6:  Vertical  carrier  density  profile  in  the  center  of  the  Fig-  7:  Lateral  profile  of  the  quantum  well  recombination 

device.  rates. 


2.4  Quantum  Well  Gain  and  Absorption 

Calculated  gain  spectra  are  shown  in  Fig.  8  under  flat-band  condition  (zero  field)  using  a  free  carrier  model  including 
Lorentz  broadening  with  0.1  ps  intraband  relaxation  time.  The  gain  peak  wavelength  blue-shifts  slightly  due  to  band 
filling,  however,  it  is  close  to  the  target  wavelength  of  1550  nm.  Figure  9  plots  calculated  quantum  well  absorption 
spectra  for  different  reverse  bias  conditions  of  the  photodetector.  Higher  reverse  bias  gives  a  stronger  internal  field 
which  moves  the  absorption  edge  towards  longer  wavelength  (quantum  confined  Stark  effect).  At  the  same  time,  the 
maximum  possible  absorption  is  reduced.  At  2V  reverse  bias,  our  quantum  well  shows  an  absorption  edge  near  1610 
nm.  It  absorbs  light  almost  uniformly  from  1500nm  to  1600nm  wavelength. 


v 
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Wavelength  (um) 

Fig.  8:  Flat-band  quantum  well  gain  spectra  for  different 
carrier  densities  (from  bottom:  1, 2,  3,  4,  and  5  x  1018cm'3). 


Fig.  9:  Quantum  well  absorption  spectrum  at  different  bias. 


3.  THREE-DIMENSIONAL  SIMULATION 


3.1  Waveguide  Photodetector 

Figure  10  shows  a  3D  plot  of  the  optical  intensity  calculated  for  the  fundamental  mode  with  0.01  mW  input  power.  The 
optical  power  decays  exponentially  in  travel  direction  (z)  and  it  is  almost  completely  absorbed  at  the  other  end. 


Fig.  10:  Fundamental  optical  mode  intensity  for  half  the  Fig.  11:  Photocurrent  and  quantum  efficiency  vs.  input 

photodetector.  power. 

Photocurrent  and  quantum  efficiency  are  given  in  Fig.  11.  The  calculation  considers  a  front  facet  reflectance  of  R=0.29, 
which  reduces  the  maximum  possible  quantum  efficiency  to  71%.  At  low  input  power,  the  calculated  quantum 
efficiency  is  58%,  due  to  the  incomplete  absorption  of  the  lightwave.  With  higher  input  power,  the  efficiency  decays 
and  it  is  only  25%  at  1  mW.  The  decay  in  efficiency  is  reflected  by  the  non-linear  current-power  characteristic  in  Fig. 
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11.  The  non-linear  response  of  the  photodetector  is  mainly  attributed  to  the  reduction  of  the  quantum  well  absorption 
with  increasing  carrier  density.  The  photon  density  is  highest  at  the  input  facet.  With  increasing  power,  it  generates  an 
increasing  number  of  electron-hole  pairs  in  the  quantum  wells  (QWs).  The  average  QW  carrier  density  is  shown  in  Fig. 
12  for  different  input  power.  Due  to  band  filling,  higher  carrier  density  leads  to  lower  absorption  (Fig.  13)  which  affects 
the  decay  of  the  optical  power  along  the  waveguide  (Fig.  14).  With  higher  input  power,  the  detection  is  less  efficient, 
i.e.,  a  larger  part  of  the  input  power  remains  undetected.  While  the  intensity  decays  by  a  factor  of  about  14  for  low  input 
power,  it  only  decays  by  a  factor  of  5  for  1  rnW  input  power  in  Fig.  14.  This  mechanism  is  the  main  reason  for  the  non¬ 
linear  photocurrent  response  shown  in  Fig.  11.  The  photocurrent  is  non-uniform  in  longitudinal  direction  (Fig.  15). 


Fig.  12:  Longitudinal  profile  of  the  quantum  well  carrier 
density  at  different  input  power. 


Fig.  14:  Longitudinal  decay  of  the  modal  power  at  different 
input  power. 


Fig.  13:  Longitudinal  profile  of  the  modal  absorption  at 
different  input  power  ( 1550  nm). 


Fig.  15:  Non-uniform  distribution  of  the  photocurrent  at 
different  input  power. 


However,  it  needs  to  be  mentioned  that  PICS3D  simulations  are  not  truly  3D  since  carriers  cannot  move  in  longitudinal 
z  direction.  The  device  is  rather  sliced  up  into  many  2D  sections  (x.y)  within  which  the  device  equations  are  solved  self- 
consistently.  The  only  difference  between  all  the  2D  sections  is  the  photon  density  S(z)  which  varies  in  longitudinal 
direction  (Fig.  10).  Thus,  the  quantum  well  carrier  density  N(x,y)  varies  among  the  2D  sections.  Iteratively,  a  balance 
between  S(z)  and  N(x.y)  is  achieved  by  the  software  which  can  be  called  quasi-3D  solution. 
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3.2  Integrated  Receiver 


The  optical  gain  of  the  MQW  active  region  depends  on  the  applied  bias:  if  it  is  positive,  the  gain  is  positive  and  the 
region  is  an  amplifying  region,  if  the  bias  is  negative,  the  gain  is  negative  and  the  region  is  an  absorbing  region.  The 
energy  bands  of  the  SO  A  region  are  plotted  in  Figure  16.  The  bands  are  flat  due  to  presence  of  the  doping  region  and 
the  fact  that  a  forward  bias  is  applied  to  the  SOA.  In  this  case,  the  overlap  between  electron  and  hole  wave  function  is 
optimum  and  the  modal  gain  is  positive  (cf.  Fig.  8).  The  energy  bands  of  the  WPD  region  are  shown  in  Figure  17.  A 
reverse  bias  is  applied  so  that  the  bands  are  not  flat  and  the  absorption  is  dominant  (cf.  Fig.  9).  The  modal  gain  is 
positive  for  the  SOA  region  and  negative  for  the  WPD  region  (Fig.  18).  Accordingly,  the  wave  intensity  in  Fig.  19  is 
increasing  within  the  SOA  region  and  decreasing  within  the  WPD  region. 


Fig.  16:  Conduction  (upper)  and  valence  (lower)  bands  in  the 
SOA  region  along  the  vertical  y  direction  (dashed:  quasi- 
Fermi  levels) 


Fig.  18:  Receiver  modal  gain  along  the  longitudinal 
propagation  direction  z. 


Distance  (micron) 

Fig.  17:  Conduction  (upper)  and  valence  (lower)  bands  in  the 
WPD  region  along  the  vertical  y  direction  (dashed:  quasi- 
Fermi  levels) 


Fig.  19:  Wave  intensity  surface  plot  (a.u.)  within  the  vertical 
symmetry  plane  of  the  receiver  (x=0). 
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3.3  Integrated  Transmitter 

Simulation  of  the  sampled-grating  DBR  laser  diode  4  is  the  most  challenging  part  of  this  project.  The  laser  includes  five 
longitudinal  sections  (Tab.  2).  Optical  gain  is  provided  in  the  active  section  of  the  laser  as  well  as  in  the  amplifier.  For 
this" example  simulation,  both  mirrors  are  tuned  to  exhibit  reflectivity  peaks  at  1550  nm  (Fig.  20).  Laser  emission  is 
therefore  at  the  same  wavelength  (Fig.  21).  A  3D  plot  of  the  calculated  wave  intensity  is  shown  in  Fig.  22.  In  this  case, 
the  laser  is  biased  well  above  threshold  (25  mA).  The  amplifier  current  of  20  mA  gives  additional  photon  multiplication, 
resulting  in  a  strong  enhancement  of  the  optical  intensity  towards  the  right  facet  of  the  emitter.  The  same  situation  is 
shown  in  Fig.  23  as  longitudinal  intensity  profile,  comparing  two  different  amplifier  currents.  Within  the  SGDBR 
sections,  each  grating  burst  reflects  part  of  the  wave  and  gives  a  stepwise  change  in  wave  intensity.  At  low  amplifier 
current  (5  mA),  the  SOA  region  exhibits  net  optical  loss  and  the  optical  intensity  decays  as  the  light  approaches  the  right 
facet.  SOA  transparency  is  obtained  at  16.5  mA.  At  higher  SOA  current  net  amplification  is  achieved. 

The  corresponding  light-current  (LI)  characteristic  is  given  in  Fig.  24.  Lasing  threshold  is  calculated  at  about  14  mA.  At 
first,  the  amplifier  current  is  kept  constant  at  5  mA  and  the  laser  current  is  ramped  up  to  25  mA.  The  slope  of  the  LI 
curve  is  0.043  W/A  which  corresponds  to  a  differential  quantum  efficiency  of  only  5%  for  the  nght  facet,  due  to  the 
photon  losses  in  the  amplifier.  Second,  the  SOA  current  is  ramped  up  to  20  mA  keeping  the  laser  current  constant  at  25 
mA.  The  SOA  slope  efficiency  is  0.23  W/A.  At  the  SOA  current  of  20  mA,  the  laser  slope  efficiency  would  be  0.273 
W/A,  which  translates  into  34%  differential  quantum  efficiency  of  the  laser.  At  higher  SOA  currents,  more  than  100% 
differential  quantum  efficiency  can  be  achieved  this  way,  i.e.,  each  electron  injected  into  the  laser  above  threshold  leads 
to  more  than  one  emitted  photon,  due  to  the  photon  multiplication  in  the  SOA  region.  The  side  mode  suppression  ratio 
is  only  about  20  dB  (Fig.  21)  and  it  decreases  with  higher  amplifier  current  (Fig.  25). 


Section  name 

Length  [jam] 

k  [i/cm] 

DBR  Sampled  Grating 

Left  mirror 

552 

250 

12  x  6jam  grating  bursts  with  46jum  period 

Phase  tuning 

75 

- 

- 

Active 

500 

- 

- 

Gain  lever 

100 

- 

Right  mirror 

307.5 

250 

5  x  4fim  grating  bursts  with  61.5pm  period 

Amplifier 

500 

- 

Tab.  2  Longitudinal  sections  of  the  integrated  transmitter  (k  -  optical  coupling  coefficient). 


Fig.  20:  Round  trip  gain  spectra  for  left  mirror  (dashed)  and 
right  mirror  (solid ). 


Wavelength  (um) 


Fig.  21:  Calculated  mode  spectrum  (laser  current  =  25  mA, 
SOA  current  =  20  mA). 
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Fig.  22:  3D  visualization  of  the  internal  light  intensity  for  Fig-  23:  Longitudinal  light  intensity  profile  with  25  mA  laser 

half  the  device  (laser  current  =  25  mA,  amplifier  current  =  20  current  and  with  the  amplifier  current  given  as  parameter. 

mA). 


SOA  Current  [mA] 


Fig.  24:  Calculated  light-current  characteristics. 


a 

o 


S 

4) 

o 

f) 


Laser  Current  [mA]  SOA  Current  [mA] 

Fig.  25:  Calculated  side  mode  suppression  ratio  vs.  current. 


4.  COMPARISON  TO  MEASUREMENTS  AND  PARAMETER  CALIBRATION 

In  this  section,  we  compare  our  results  to  the  first  available  receiver  measurements  in  order  to  validate  the  model  and  to 
calibrate  critical  material  parameters.  First,  X-ray  and  photoluminescence  (PL)  measurements  are  utilized  to  adjust 
MQW  parameters.  Slight  variations  from  the  intended  numbers  (Tab.  1)  are  unavoidable  during  the  growth  process.  For 
both  the  quantum  wells  and  the  barriers,  we  extract  a  slightly  lower  Ga  mole  fraction  of  0.2367.  In  addition,  the  width 
of  both  layers  is  smaller  than  intended  (well:  56.8  A,  barriers:  70.4  A).  Quantum  well  band-gap  renormalization 
(BGR)  is  taken  into  account  in  order  to  find  agreement  with  the  measured  PL  peak  wavelength  (Fig.  26).  BGR  leads  to 
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decreasing  band  gap  energy  with  higher  carrier  density  (spectral  shift  to  longer  wavelength).  The  formula  used  to 
express  BGR  is 


A Eg  =  A 


(3) 


with  Ax  =  0.8  x  10'10  eV/m.  The  difference  to  the  PL  measurement  at  high  energies  (low  wavelengths)  is  attributed  to 
the  fact  that  the  common  free  carrier  model  is  currently  considered  in  our  gain  calculation.  Many-body  models  aie 
expected  to  correctly  reproduce  the  entire  gain  spectrum. 


Wavelength  (nm)  Voltage  (V) 


Fig.  26:  Comparison  between  MQW  photoluminescence  Fig-  27:  Dark  current  versus  voltage  curve  for  a  300  pm  long 

measurement  (triangles)  and  calculated  spontaneous  emission  SOA. 

spectra  with  and  without  band-gap  renormalization  (BGR). 


The  measurement  of  the  dark  current  of  a  300  pm  long  SOA  is  shown  and  compared  to  our  simulation  in  Figure  27. 
This  curve  depends  on  the  mobility  of  the  carriers.  The  mobility  depends  on  the  composition  of  the  layer  and  the 
doping.  Since  exact  numbers  for  doping  and  mobility  are  unknown,  we  use  2200  cm2 /V s  for  the  electron  mobility  and 
70  cm2/ Vs  for  the  hole  mobility  in  all  layers.  The  resulting  current-voltage  (IV)  curve  is  much  steeper  than  measured 
(dashed  line  in  Fig.  27).  The  inclusion  of  an  additional  contact  resistance  of  52  Q  in  the  simulation  gives  a  much  better 
agreement  with  the  measurement  (solid  line  in  Fig.  27).  Future  measurements  of  the  contact  resistance  will  allow  us  to 
adjust  the  mobility  values. 

The  contact  resistance  is  known  to  vary  from  device  to  device.  IV  curves  for  a  500  pm  long  SOA  are  shown  in  Fig.  28 
for  different  input  light  power.  Here,  a  contact  resistance  of  8.5  Q.  is  extracted  from  the  fit.  Another  crucial  input 
parameter  is  the  optical  coupling  factor  between  fiber  and  SOA.  Best  agreement  with  the  measurements  in  Fig.  28  is 
obtained  when  a  coupling  factor  of  0.163  is  assumed  for  this  measurement.  With  ideal  fiber  adjustment,  a  maximum 
coupling  factor  of  0.25^  is  estimated.  Thus,  less  than  one  quarter  of  the  light  power  is  coupled  into  our  receiver 
waveguide. 

Figure  29  compares  the  calculated  receiver  photocurrent  to  the  measurement.  In  this  measurement,  the  ideal  fiber 
coupling  factor  of  0.25  was  achieved.  In  order  to  fit  the  measurement,  gain  and  absorption  need  to  be  scaled  down  by  a 
factor  of  0.5  (dipjactor).  This  indicates  significant  inaccuracies  of  the  free  earner  model  used  for  gain  and  absorption 
calculation. 
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Fig.  28:  Photocurrent  versus  applied  reverse  voltage  for  a  500  Fig.29:  Receiver  photocurrent  vs.  fiber  input  power, 

pm  long  SOA  at  different  light  power  in  the  fiber  (dashed: 
measurement,  solid  -  simulation). 


Finally,  light  vs.  current  (LI)  measurements  on  broad-area  Fabry-Perot  laser  structures  are  compared  to  simulations  in 
Fig.  30.  The  main  fit  parameters  are  the  Auger  recombination  coefficient  C  =  10'28cm6/s  and  the  modal  loss  parameter  a, 
=  24  cm'1,  which  is  larger  than  expected  and  attributed  to  an  overestimation  of  the  quantum  well  gain  within  the  free 
earner  model.  The  corresponding  recombination  rates  are  plotted  in  Fig.  31.  Auger  recombination  is  by  far  the 
dominating  mechanism,  spontaneous  photon  emission  and  defect  related  SRH  recombination  are  less  important. 


Fig. 30:  Light-current  characteristics  for  50pm  wide  Fabry- 
Perot  lasers  of  different  length  L. 


Vertical  Axis  him] 


Fig.31:  Quantum  well  recombination  rate  at  380  mA 
(L=949pm). 


Proc.  of  SPIE  Vol.  5349  195 


5.  SUMMARY 


We  have  presented  first  results  on  the  self-consistent  numerical  simulation  of  an  InP-based  integrated  wavelength 
converter  that  monolithically  combines  optical  amplifier,  waveguide  photodetector,  and  sampled-grating  DBR  laser 
diode.  Comparison  to  available  measurements  reveals  crucial  parameters  such  as  the  contact  resistance,  the  fiber 
coupling  efficiency,  and  the  Auger  coefficient.  The  free  carrier  model  used  for  quantum  well  gain  and  absorption 
calculations  is  found  to  be  not  accurate  enough  to  achieve  good  agreement  with  measurements  and  to  predict  the  device 
performance.  More  advanced  models  will  be  employed  in  future  simulations. 
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ABSTRACT 

We  analyze  the  optoelectronic  mixing  characteristics  of  InAlAs,  Schottky-enhanced,  InGaAs-based,  metal- 
semiconductor-metal  photodetectors.  For  devices  with  Schottky-enhancement  layers  (SELs)  of  about  500  A,  the 
measured  frequency  bandwidth  is  less  than  that  of  a  corresponding  photodetector.  The  mixing  efficiency  decreases  with 
decrease  in  optical  power,  decreases  with  increase  in  local  oscillator  frequency  and  decreases  with  decrease  in  mixed 
signal  frequency.  We  attribute  this  behavior  to  the  band-gap  discontinuity  associated  with  the  SEL.  For  devices  with 
thinner  SELs  (  =  100  A),  the  mixing  characteristics  are  greatly  improved:  the  bandwidth  of  the  optoelectronic  mixer 
(OEM)  is  similar  to  that  of  a  corresponding  photodetector  and  the  mixing  efficiency  decreases  only  slightly  with 
decrease  in  optical  power.  We  attribute  these  results  to  the  enhancement  of  thermionic/tunneling  current  through  the 
thinner  SEL.  We  also  present  a  circuit  model  of  the  Schottky-enhanced,  InGaAs-based  OEM  to  explain  the  experimental 
results. 

Keywords:  Optoelectronic  mixers,  InGaAs  photodetectors,  Schottky  enhancement  layers 


1.  INTRODUCTION 

Interdigitated-finger,  metal-semiconductor-metal  photodetectors  (MSM-PDs)  are  widely  used  for  high-speed 
optoelectronic  (OE)  applications  and  are  also  used  as  OE  mixers  (OEMs)  to  generate  radio-frequency  subcarriers  in 
fiber-optic  microwave  links.1,2  Recently,  GaAs  MSM-PDs  have  been  successfully  utilized  as  OEMs  in  an  incoherent 
laser  radar  (LADAR)  system  where  a  backscattered  intensity-modulated  light  signal  (RF)  and  a  bias  voltage  [local 
oscillator  (LO)  voltage]  (0.  i  - 1 .0  GHz)  are  mixed  to  recover  an  intermediate  frequency  (IF)  signal  (0.1-1 .0  MHz).3'4 

InGaAs  MSM-PDs  would  allow  LADAR  operation  at  eye- safe  wavelengths.  Unfortunately,  the  Schottky  barrier  height 
on  InGaAs  is  quite  low  (-0. 1-0.2  eV)5  leading  to  high  dark  current  and,  hence,  low  signal-to-noise  ratio.  To  reduce  dark 
current,  various  methods  of  “enhancing'’  the  Schottky  barrier  are  used.  The  most  commonly  used  method  employs  a 
high -band-gap  lattice-matched  InP6  or  InAlAs7'8  Schottky  enhancement  layer  (SEL).  Detectors  using  SELs  yield  low 
dark  current,  high  responsivity,  and  high  bandwidths. 

In  this  paper  we  analyze  the  optoelectronic  mixing  effect  in  InAlAs,  Schottky-enhanced,  InGaAs-based  MSM-PDs.  We 
show  that  conventional  Schottky-enhanced,  InGaAs-based  MSM-PDs  with  SELs  of  approximately  500  A  do  not  operate 
well  as  OEMs.  The  frequency  bandwidth  of  such  a  mixer  is  much  less  than  that  of  a  corresponding  photodetector  and  the 
mixing  responsivity  of  the  OEM  is  found  to  depend  on  the  RF  and  LO  signals  and  decreases  non-linearly  with  decrease 
in  optical  power.  The  behavior  of  the  InGaAs-based  MSM-PD  OEM  is  attributed  to  the  large  band-gap  discontinuity 
associated  with  the  SEL.  By  reducing  the  SEL  thickness  to  100  A,  the  mixing  characteristics  are  found  to  improve:  The 
bandwidth  of  the  optoelectronic  mixer  is  similar  to  that  of  a  corresponding  photodetector  and  the  mixing  response 
decreases  only  slightly  with  decrease  in  optical  power.  We  present  a  circuit  model  of  the  Schottky-enhanced,  InGaAs- 
based  OEM  to  explain  the  experimental  results. 


2.  EXPERIMENT 


The  InAlAs,  Schottky-enhanced,  InGaAs-based  MSM-PD  OEM  structure,  grown  via  molecular-beam  epitaxial 
technology,  is  shown  in  Figure  1.  The  structure  consists  of  an  InAlAs  SEL,  a  250- A  In(Ga,Al)As  graded  layer,  a  1.0-pm 
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InGaAs  absorption  layer,  and  a  3000-A  InAlAs  buffer  layer 
with  a  semi-insulating  InP:Fe  substrate.  The  InAlAs  SEL  is 
500  A  for  device  A  and  100  A  for  device  B.  The  electrodes 
consist  of  Ti/Au  Schottky  contacts  deposited  via  electron- 
beam  evaporation.  The  electrodes  have  3 -pm  finger  widths 
and  spacings.  The  contact  pads  and  electrode  tips  of  the 
60x60-pm:  MSM-PD  are  insulated  from  the  InAlAs  SEL  to 
further  reduce  dark  current.1’ 


— *]  3).im  j»—  — »)  3|jm|«—  S'  Ti/Au 

i — i  i — I _ O _ IZZH - dZ2_ 

InAlAs  Schottky  Enhancement  Layer 
In(Ga,Al)As  Graded  Layer  (250A) 

InGaAs  Active  Layer  (1pm) 

_ InAlAs  Buffer  Layer  (3000A) 

InP:Fe  Substrate 


Mixing  characteristics  were  measured  (see  Figure  2)  with  light  Figure  1.  Cross-section  of  MSM-PD  OEM  structure, 
from  an  amplitude-modulated,  1.55-pm,  10-Gb/s,  fiber- 
pigtailed  laser.  Optical  power  was  adjusted  via  a  continuously- 

variable,  in-line,  fiber-coupled  attenuator  and  focused  on  the  MSM-PD  OEM.  The  LO  bias  (3.97  Vms)  was  applied  to 
one  electrode,  shunted  with  a  50-ohm  termination,  and  the  down-converted  mixed  signal  (IF)  was  recovered  from  the 
other  electrode,  which  was  connected  to  a  spectrum  analyzer  through  a  low-pass  filter. 


Figure  2.  Schematic  of  MSM-PD  OEM  test  setup. 


3.  EXPERIMENTAL  RESULTS 

In  Figure  3  we  plot  the  IV  characteristics  of  device  A  for  optical  powers  of  7.0  pW  and  0.7  mW.  Both  curves  exhibit  a 
region  where  dl/dV  transitions  from  a  low  value  to  a  high  value:  this  is  referred  to  as  a  “knee”.  InGaAs  MSM-PDs 
without  SELs  do  not  exhibit  knee-like  features.  The  knee  voltage  is  defined  as  the  bias  voltage  where  the  photocurrent 
equals  5%  of  the  value  at  the  second  region,  where  dl/dV  is  low.  This  knee  has  been  reported  in  the  literature  '  '  and  is 
usually  attributed  to  complete  depletion  of  the  InGaAs  absorption  layer.  The  increase  in  knee  voltage  with  optical  power 
is  usually  attributed  to  interface  trap  states  or  space  charges.10'"  The  inset  of  Figure  3  shows  the  knee  voltage  as  a 
function  of  the  optical  power.  We  find  that  there  is  a  logarithmic  relation  between  the  knee  voltage  and  optical  power 
that  suggests  a  thermionic  emission  and/or  tunneling  related  process. 

The  mixing  efficiency  of  the  MSM-PD  OEM  is  defined  as  the  ratio  of  the  responsivity  of  the  detector  at  the  IF  frequency 
to  its  ideal  dc  responsivity.  When  both  the  RF  and  LO  frequencies  are  low,  the  quasi-steady  (QS)  mixing  efficiency  can 
be  calculated  using  the  steady  state  IV  characteristics.  Figure  4  shows  the  measured  mixing  efficiency  as  a  function  of 
LO  frequency  for  optical  powers  of  5.0  to  24  pW.  The  RF  and  LO  frequencies  were  displaced  by  10.0  kHz. 


198  Proc.  of  SPIE  Vol.  5349 


Figure  3.  IV  characteristics  of  device  A.  Inset  shows  the  knee 
voltage  as  a  function  of  optical  power. 


Figure  4.  Measured  mixing  efficiency,  as  a  function  of  LO 
frequency,  for  different  optical  powers  for  device  A. 


The  measured  mixing  efficiency  is  less  than  the  calculated  QS  value  and  cuts  off  at  about  0.2  GHz.  Moreover,  the 
mixing  efficiency  increases  with  optical  power  and  approaches  the  QS  value  for  high  optical  powers  (not  shown).  The 
same  device  operated  as  a  photodetector  has  a  flat  frequency  response  with  a  3.0-dB  cut  off  at  3.0  GHz  (Figure  5).  In 
addition,  the  photodetector  responsivity  is  independent  of  optical  power  except  for  powers  above  4.0  mW,  where 
screening  effects  cause  a  slight  decrease. 


RF  Frequency  (GHz) 

Figure  5.  Measured  MSM-PD  responsivity  of  device  A  as  a 
function  of  light  modulation  frequency. 


Figure  6.  Measured  mixing  efficiency  as  a  function  of  IF 
frequency  at  different  incident  light  intensities  for  device  A. 


Figure  6  plots  the  measured  mixing  efficiency  of  device  A,  as  a  function  of  IF  frequency,  for  optical  powers  of  17.0  to 
140  |iW.  Here,  the  RF  frequency  was  at  500  MHz,  while  the  LO  frequency  was  varied  from  500.1  to  715  MHz,  yielding 
IF  frequencies  from  0.1  to  215  MHz.  The  mixing  efficiency  is  flat  with  IF  frequency  from  0.1  to  30  MHz  beyond  which 
an  increase  occurs.  For  high  IF  frequencies,  the  mixing  efficiency  approaches  the  QS  value,  whereas  for  low  IF 
frequencies  the  mixing  efficiency  is  significantly  lower  than  the  QS  value  and  decreases  as  optical  power  decreases.  We 
compared  the  sum-frequency  signal  to  the  difference-frequency  signal  and  found  that  the  sum  signal  is  close  to  its 
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calculated  QS  value.  It  is  expected  that,  since  the  difference  signal  is  at  low  frequency,  an  OEM  operating  at  the 
difference  frequency  would  work  better  than  or  equal  to  a  photodetector  or  a  mixer  operating  at  the  sum  frequency.  Our 
results  suggest  a  restriction  of  the  low  frequency  signal  for  an  InGaAs  mixer  with  a  SEL. 

To  compare  the  behavior  of  MSM-PD  OEMs  with  differing  SEL  thickness,  we  plot  the  IV  characteristics  of  device  A 
and  B  in  Figure  7.  The  knee  voltage  of  device  B  is  significantly  smaller  than  that  of  device  A.  In  addition,  the  knee 
voltage  of  device  B  also  exhibits  a  logarithmic  relation  with  optical  power  (not  shown). 

Figure  8  compares  mixing  efficiency  as  a  function  of  RF  frequency,  for  devices  A  and  B.  There  is  a  marked 
improvement  in  the  mixing  efficiency  for  device  B  (100-A  SEL).  In  addition,  the  bandwidth  of  device  B  extends  beyond 
0.8  GHz  (not  shown)  while  the  corresponding  bandwidth  of  device  A  is  about  200  MHz. 


Figure.  7.  Comparison  of  DC  IV  characteristics  of  device  A 
and  device  B. 


RF  Frequency  (MHz) 

Figure  8.  Mixing  efficiency,  as  a  function  of  RF  frequency, 
for  device  A  (open  circles)  and  device  B  (solid  circles). 


Figure  9  compares  mixing  efficiency,  as  a  function  of  IF  frequency,  for  the  devices  A  and  B.  Here,  the  RF  light 
modulation  was  set  to  500  MHz  while  the  LO  was  varied  from  500.1  to  715  MHz.  This  yields  IF  frequencies  from  0.1  to 
215  MHz.  Again  we  observed  a  significant  improvement  in  the  mixing  efficiency  for  device  B.  In  addition,  the  mixing 
efficiency  of  device  B  is  flat  for  both  low  and  high  IF  frequencies  and  does  not  vary  with  optical  power. 


Figure  10  shows  the  mixing  efficiency,  as  a  function  of  optical  power,  for  devices  A  and  B.  Here,  the  RF  light 
modulation  is  set  to  500  MHz  and  the  LO  bias  frequency  is  set  to  500.1  MHz  (i.e.,  the  IF  frequency  is  at  10.0  kHz).  The 
mixing  efficiency  for  device  A  is  very  low  and  decreases  significantly  (and  non-linearly)  with  decrease  in  optical  power 
while  the  mixing  efficiency  for  device  B  only  slightly  decreases  with  optical  power. 
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IF  Frequency  (MHz)  Qptica|  Power  (pW) 


Figure  9.  Mixing  efficiency,  as  a  function  of  IF  frequency, 
for  devices  A  and  B  at  two  different  optical  powers. 


Figure  10.  Mixing  efficiency,  as  a  function  of  optical  power, 
for  devices  A  and  B. 


4.  MODELING  AND  DISCUSSION 


We  have  used  a  2-D  finite-volume  based  drift-diffusion  model  to  simulate  the  InGaAs  MSM-PDs.  We  find  a  knee  in  the 
photocurrent  that  only  exists  when  a  SEL  is  utilized.  In  addition  the  knee  voltage  is  dependent  on  optical  power:  It 
increases  when  optical  power  increases,  following  a  logarithmic  relation.  Moreover,  the  knee  voltage  decreases 
drastically  with  decrease  in  SEL  thickness.  Details  of  the  drift-diffusion  model  are  beyond  the  scope  of  this  paper  and 
will  be  published  elsewhere.  In  this  paper,  we  only  present  a  simplified  circuit  model  to  describe  the  behavior  of  the 
MSM-PDs. 


In  the  circuit  model,  we  divide  the  device  into  three  regions  (see 
Figure  11(a)).  Regions  A  and  C  include  the  contact  metal,  the 
InAlAs  SEL,  and  the  InAlAs/InGaAs  interface.  The  InGaAs 
absorption  layer  is  included  in  region  B.  When  the  bias  is  above  flat 
band,  the  electric  field  in  each  layer  is  uniform,  except  for  small  band 
bending  at  the  location  of  the  2-D  gas.  In  region  B,  the  generated 
photocurrent  is  given  by8 

I,h=-^—a-R)(l-e-ad)^-P,  (1) 

1  g  +  w  hv 

where  g  is  the  interdigitated  finger  spacing,  w  is  the  finger  width,  R 
is  the  semiconductor  reflectivity,  a  is  the  absorption  coefficient,  d  is 
the  InGaAs  thickness,  T]l  is  the  intrinsic  quantum  efficiency,  hv  is 
the  photon  energy,  and  P  is  the  incident  optical  power.  Photo- 
generated  electrons  and  holes  move  toward  the  anode  and  cathode, 
respectively.  Under  low  bias,  the  electron  and  hole  currents  are 
limited  by  the  potential  barriers.  Therefore,  some  of  the  photo¬ 
generated  carriers  will  recombine  before  the  electrons  and  holes  are 
completely  separated.  From  the  diffusion-drift  model,  we  found  that 
the  field  in  region  B  is  almost  uniform,  therefore  we  can  calculate  the 


Figure  1 1 .  (a)  1-D  illustration  of  the  band  structure  for 
an  InAlAs  Schottky-enhanced  InGaAs-based  MSM- 
PD.  (b)  Circuit  model  of  the  MSM-PD  OEM. 
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(2) 


drift  time  for  elections  and  write  the  current  in  this  region  as 


IbWb)  —  I  phe 


*  =  / 


phe 


2  uVbt 


where  t  is  the  average  transient  time  for  electrons,  u  is  the  electron  mobility,  Vg  is  the  voltage  drop  in  region  B  and  ris 
the  recombination  lifetime.  In  regions  A  and  C,  light  is  not  absorbed  and  the  current  is  due  to  thermionic  emission  and/or 
tunneling.  Depending  on  the  bias’ polarity,  either  the  electron  or  hole  current  will  dominate.  The  hole  current  is  limited  by 
the  valence  band  offset  Vh  while  the  electron  current  is  limited  by  the  Schottky  barrier  height  Vsh ,  as  well  as  the 

conduction  band  offset  Ve .  Therefore  we  can  write  the  current  in  region  A  as 

[  A*c,T2e~eVsh lkT  (eeVA '"e'kr  - 1)  VA  >  0  3(a) 

Ia  =  [-A;olJ2e-eVh,kT(e-eVAh'MekT  -1)  VA  <  0,  3(A) 

where  A*c,  and  A *,„/<.  are  the  effective  Richardson  constants  for  electrons  and  holes,  respectively,  VA  is  the  voltage  drop 
across  region  A,  k  is  the  Boltzmann  constant,  T  is  the  device  temperature,  and  ne[  and  nMc  are  the  ideality  factors  for 
electrons  and  holes,  respectively.  Similar  equations  can  be  given  for  the  current  in  region  C. 

Figure  11(b)  is  a  circuit  model  of  the  OEM.  Equations  3(a)  and  (b)  represent  diodes  DAc  and  DAh  which  model, 
respectively,  the  electron  and  hole  currents  in  region  A.  Region  C  is  similarly  modeled  by  diodes  DCe  and  DCh . 
Equation  (2)  is  represented  by  the  current  source  in  region  B,  and  the  dark  current  is  modeled  by  a  resistor  R,  equal  to 
{dl/dV)-'  at  large  bias.  The  drop  of  the  valence  band  barrier  under  bias  depends  on  the  structure.  For  example,  in  device 
A,  only  1/3  of  the  total  voltage  across  region  A  (or  C)  drops  across  the  250- A  In(Ga,Al)As  graded  layer.  Therefore,  we 
let  nMe  =3.  The  ideality  factor  for  electrons  is  extracted  from  the  photocurrent  curves  as  a  free  parameter.  All  other 
parameters  can  be  found  in  the  literature.  Using  these  values,  with  1^=100%  and  ne i=3.5,  the  simulated  photocurrent  is 
shown  in  Figure  3,  by  solid  and  dotted  lines,  for  optical  powers  of  7.0  n  W,  and  0.7  mW,  respectively.  The  agreement  is 

very  good. 

Using  the  parameters  obtained  from  fitting  the  DC  IV  characteristics,  we  simulate  the  mixing  efficiency  for  device  A 
(Figure  12).  We  add  two  capacitors  (CA=Cc)  to  the  circuit.  Due  to  the  2-D  nature  of  the  device,  the  values  of  CA;C  are 
difficult  to  determine.  The  capacitance  for  the  whole  device,  calculated  using  the  conformal  mapping  technique,  is  7.0 
fF.  We  use  10.0  fF  in  our  simulation.  Figures  12  shows  the  simulated  mixing  efficiency  as  a  function  of  LO  frequency, 
for  optical  powers  of  4.5  to  22.0  |iW.  The  RF  and  LO  frequencies  were  displaced  by  10.0  kHz.  The  simulated  mixing 
efficiency  decreases  as  LO  frequency  increases  and  cuts  off  at  about  0.2  GHz.  Figure  13  shows  the  simulated  mixing 
efficiency  as  a  function  of  IF  frequency.  Here,  the  modulation  frequency  was  at  501  MHz,  while  the  LO  frequency  was 
varied  from  501.2  to  701  MHz,  yielding  IF  frequencies  from  0.2  to  200  MHz.  The  mixing  efficiency  is  flat  with  IF 
frequency  from  0  to  10  MHz  beyond  which  an  increase  occurs.  In  both  figures,  the  mixing  efficiency  increases  with 
optical  power.  Considering  the  simplicity  of  our  model  and  the  fact  that  parasitic  components  are  not  included  in  the 
simulation,  the  general  agreement  with  the  experimental  results  is  good.  We  also  simulated  the  device  as  a  photodetectoi 
(Figure  14).  The  frequency  response  is  almost  flat  and  slightly  decreases  (<5%  and  0.1%  for  optical  powers  of  0.1  and  10 
pW,  respectively)  at  low  frequency.  In  addition,  the  responsivity  is  almost  independent  of  optical  power. 
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These  results  can  be  explained  as  follows.  When  operated 
as  a  photodetector,  a  significant  DC  voltage  drops  across 
the  SEL  (VA,VC),  the  differential  resistance  of  the 
forward-biased  diode  is  low  and,  since  Equation  3  shows 
that  the  current  is  limited  by  the  forward-biased  diode,  the 
detector  responsivity  is  almost  unaffected  by  the  SEL. 
When  operated  as  an  OE  mixer,  however,  the  LO  bias  on 
the  SEL  is  frequency  dependent  due  to  the  capacitors  in  the 
circuit.  The  capacitors  in  the  circuit  effectively  reduce  the 
LO  bias  on  the  diodes  as  the  LO  frequency  increases  and, 
hence,  the  differential  resistance  of  the  diodes  increases. 
The  mixing  efficiency,  therefore,  decreases  with  increase  in 
LO  frequency  (see  Figure  12).  This  is  especially  true  at  low 
IF  frequencies  because  the  only  signal  path  is  through  the 
diodes.  However,  increasingly  higher  IF  signals  pass 
through  the  two  capacitors,  and  the  mixing  efficiency 
increases  (see  Figure  13).  As  optical  power  increases,  the 
differential  resistance  of  the  absorption  region  decreases, 
VA  and  Vc  increase,  and  the  differential  resistance  of  the 
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Figure  14.  Simulated  MSM-PD  responsivity  as  a  function  of 
light  modulation  frequency  for  device  A  at  different  incident 
light  intensities. 


diodes  decreases.  As  a  result,  the  mixing  efficiency  increases  with  optical  power  (see  Figures  12  and  13). 


We  have  used  the  same  parameters  to  model  device  B,  except  that  the  ideality  factors,  niw\c  and  nci ,  have  been  modified 
according  the  structure.  Since  the  SEL  has  been  reduced  to  100- A  in  device  B,  the  voltage  drop  across  the  250- A 
In(Ga,Al)As  graded  layer  is  5/7  of  the  total  voltage  across  regions  A  and  C.  Therefore,  we  let  nhoie-1.4 .  The  best  fit  to 
the  experimental  IV  data  is  shown  by  the  dashed  line  in  Figure  7,  with  nef=L8.  Figures  15  and  16  show  the  simulated 
mixing  efficiency  as  a  function  of  LO  and  IF  frequency,  respectively,  for  devices  A  and  B.  The  simulated  mixing 
efficiency  for  device  B  is  improved  and  it  is  less  dependent  on  the  RF  and  IF  frequencies. 
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RF  Frequency  (GHz) 

Figure  15.  Simulated  mixing  efficiency,  as  a  function  of 
LO  frequency,  for  devices  A  and  B. 


IF  Frequency  (MHz) 

Figure  16.  Simulated  mixing  efficiency,  as  a  function  of  IF 
frequency,  for  devices  A  and  B. 


A  detailed  analysis  of  the  model  shows  that  the  improvement  of  the  mixing  efficiency  in  device  B  is  mainly  due  to  the 
enhancement  of  the  majority  carrier  (electron)  current  in  Equation  3(a).  A  thinner  SEL  enhances  the 
thermionic/tunneling  current  resulting  in  a  reduction  in  the  knee  voltage  and  an  improvement  in  the  mixing  efficiency. 

5.  CONCLUSION 

The  optoelectronic  mixing  characteristics  of  InAlAs,  Schottky-enhanced,  InGaAs-based  metal-semiconductor-metal 
photodetectors  have  been  studied.  The  mixing  efficiency  of  MSM-PD  OEMs  depends  on  the  thickness  of  the  InAlAs 
Schottky-enhancement  layer.  For  thick  SELs  (-500  A),  the  bandwidth  of  a  MSM-PD  OEM  is  much  less  than  that  of  a 
corresponding  MSM-PD.  In  addition,  the  mixing  efficiency  depends  on  the  RF,  LO,  and  IF  frequencies,  and  decreases 
nonlinearly  with  decrease  in  optical  power.  Decreasing  the  thickness  of  the  SEL  to  =100  A  improves  the  mixing 
characteristics  of  the  MSM-PD  OEM.  The  bandwidth  of  the  OEM  is  similar  to  that  of  a  corresponding  photodetector  and 
the  mixing  efficiency  is  found  to  decrease  only  slightly  with  decrease  in  optical  power. 
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ABSTRACT 

We  report  results  for  broad  area  edge  emitting  lasers  having  AlInGaAs  active  regions  that  exhibit  low  thresholds,  high  T0 
and  T,  and  high  efficiencies.  The  lasers  were  grown  on  InP  substrates  using  MOCVD.  This  paper  analyzes  the  effects  of 
doping,  epilayer  design,  wavelength  dependence  and  number  of  QWs  on  device  performance.  Our  results  show  that  the 
concentration  and  offset  of  zinc  doping  in  the  p-cladding  layer  plays  a  major  role  in  carrier  confinement  and  hence  high 
temperature  performance.  The  difference  in  surface  mobility  of  A1  adatoms  (as  compared  to  In  or  Ga)  poses  some 
challenges  in  the  growth  of  AlInGaAs. 


1.  INTRODUCTION 

AlInGaAs-based  lasers  exhibit  better  high  temperature  performance,  improved  efficiencies  and  enhanced  differential 
gain  than  their  InGaAsP-based  counterparts.  This  is  attributed  to  improved  carrier  confinement  resulting  from  a  higher 
conduction  band  offset  [1-10].  It  has  also  been  observed  that  the  ratio  of  radiative  to  non-radiative  recombination  is  also 
higher  in  the  AlInGaAs  system  [5].  These  improved  properties  have  been  used  in  the  development  of  InP-based  long 
wavelength  VCSELs  [6,7]. 


2.  METHODOLOGY 

Epitaxial  growths  were  performed  by  low  pressure  metalorganic  chemical  vapor  deposition  (MOCVD),  in  H2  carrier  gas 
with  precursors  arsine,  phosphine,  trimethyl-  group  III  alkyls,  triethylgallium,  and  for  doping  disilane  (0.01%  in  EE)  and 
diethylzinc.  Growth  was  initiated  by  heating  an  InP:S  substrate  wafer  in  PH3  to  the  growth  temperature,  growing  a  0.2 
pm  InP:  Si  buffer  layer,  then  depositing  an  AlInGaAs  layer  or  heterostructure.  The  substrate  orientation  was  either  exact 
(100),  or  vicinal,  with  a  misorientation  of  2-6°  toward  <1 1 1>A.  The  growth  temperature  was  varied  between  640C  and 
750C  the  group-V  to  group-III  molar  ratios  were  50-120,  and  the  growth  rate  was  typically  0.4-0.5  nm/sec.  Two  reactor 
configurations  were  compared:  a  Thomas  Swan  3  x  2-inch  reactor  with  close-coupled  showerhead,  and  an  Aixtron 
AIX2000  5x2-inch  reactor  with  radial  injector  and  planetary  rotation.  However,  no  significant  differences  were 
observed  in  the  native  material  characteristics,  heterostructure  properties  or  device  performance,  for  AlInGaAs  grown 
under  optimum  conditions  in  these  two  very  different  reactors. 

The  MOCVD  growth  of  compound  semiconductors  whose  constituent  elements  include  both  aluminum  and  indium  is 
challenging  because  of  the  tradeoffs  associated  with  the  choice  of  growth  temperature.  Low  growth  temperatures  are 
favored  for  indium-containing  alloys,  as  this  condition  avoids  evaporation  from  the  surface,  which  leads  to  difficulty 
controlling  the  alloy  stoichiometry.  On  the  other  hand,  high  growth  temperatures  are  better  suited  for  alloys  containing 
aluminum,  since  this  encourages  surface  mobility  for  smooth  film  growth,  and  also  suppresses  oxygen  contamination. 
Compared  to  the  mobility  of  indium  or  gallium  atoms  on  a  HI-V  surface,  the  surface  mobility  of  A1  atoms  is  significantly 
lower.  As  a  result,  the  optimum  growth  window  for  AlInAs  as  well  as  AlInGaAs  is  much  narrower  than  the  range  of 
growth  temperatures  available  for  InGaAs  growth,  which  is  only  limited  by  dissociation  at  high  growth  temperatures. 

The  band  offsets  occurring  at  the  interfaces  in  semiconductor  heterostructures  are  of  interest  from  both  a  fundamental 
standpoint  and  for  the  design  and  understanding  of  the  optoelectronic  device  characteristics,  hi  order  to  determine  the 
band  offsets  in  the  AlInGaAs  material  system,  a  simple  MQW  test  structure,  consisting  of  lattice  matched  InGaAs  QWs 
confined  by  lattice  matched  AlhiAs  barriers,  was  growl  on  an  InP  (100)  substrate.  X-ray  diffraction  confirmed  the 
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existence  of  the  periodic  structure,  specifically  characterizing  the  MQW  as  being  formed  from  two  discrete  alloys  with 
abrupt  interfaces  between  them  (i.e.,  no  significant  alloy  intermixing  between  QW  and  barriers).  To  examine  the  family 
of  allowed  optical  transitions,  Fourier  transform  infrared  spectroscopic  (FTIR)  measurements  were  made  on  this  sample 
both  at  room  temperature  and  liquid  helium  (5K)  temperature.  Absorption  spectroscopy  techniques  such  as  FTER, 
photoluminescence  (PL)  excitation,  or  photocurrent  absorption  are  especially  useful  because  they  permit  observation  of 
the  higher  energy  transitions  that  are  not  active  in  emission  spectroscopy  such  as  standard  PL.  To  evaluate  the  band 
offset,  the  measured  transition  energies  were  fit  by  simulating  the  affect  of  space  quantization,  by  using  sub— band 
calculations,  which  assumed  70A  QWs,  70A  barriers  and  a  conduction  band  offset  ratio  Qc  of  0.7.  The  effective  mass 
ratios  (m*/m0)  for  the  QW  were  taken  to  be  0.37,  0.041,  and  0.042  for  the  heavy  hole,  light  hole,  and  electron, 
respectively,  while  the  corresponding  values  for  the  barrier  were  0.40,  0.046,  and  0.083.  Figs.  1  (a)  and  (b)  show  that  for 
this  Qc  value  the  calculated  transition  energies  match  well  with  the  experimental  data,  thereby  confirming  the  generally- 
accepted  bandgap  and  Qc  values. 


LE061 8d.  5  K 


Fig.  1  (a)  Low  temperature  (5K)  FTIR  spectra  for  InGaAs/AlInAs  MQW.  The  transition  energy  in  the  spectra  match  well  with  the 
calculated  values  shown  in  the  table;  (b)  Room  temperature  FTER  spectra  for  InGaAs/AlInAs  active  region.  Here  again,  the  transition 
energy  in  the  spectra  agree  well  with  the  calculated  values  shown  in  the  table. 

Based  on  this  determination  of  the  band  offsets,  the  band  structure  of  AlInGaAs  diode  laser  structures  was  constructed. 
For  example.  Figs  2  (a)  and  (b)  outline  the  band  diagram  for  AlInGaAs  active  region  in  a  laser  under  forward  bias.  These 
two  cases  illustrate  the  impact  of  p-type  doping  on  carrier  confinement,  by  comparing  two  zinc  doping  profiles.  First, 
we  examined  low  zinc  doping  together  with  a  large  set  back,  as  is  often  used  to  avoid  zinc  diffusion  and  to  reduce  free- 
carrier  and  intervalence  band  absorptions.  However,  this  represents  a  tradeoff,  since  the  confinement  potential  for 
injected  electrons  may  be  enhanced  with  higher  zinc  doping.  Accordingly,  the  second  case  corresponds  to  a  more 
aggressive  zinc  doping  profile.  The  simulations  for  the  biased  condition  were  performed  using  CROSSLIGHT  software. 
It  can  be  seen  from  the  modeling  results  that  increasing  the  p-doping  level  along  with  moving  the  p-doping  close  to  the 
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active  region  (Figure  2b),  leads  to  better  confinement  for  the  electrons  which  are  being  injected  into  the  active  region 
from  the  n-cladding.  Such  a  change  in  band  structure  decreases  carrier  leakage  from  the  QWs  and  should  therefore  lead 
to  improved  characteristic  temperatures  as  well  as  higher  internal  quantum  efficiencies. 
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Fig.  2  (a)  Band  diagram  for  AlInGaAs  laser  with  low  and  recessed  p-doping;  (b)  Band  diagram  for  AlInGaAs  laser 
where  p-doping  is  higher  and  moved  closer  to  the  active  region. 

3.  DEVICE  RESULTS  AND  DISCUSSION 


A.  1300nm  edge  emitting  lasers 

In  order  to  experimentally  validate  the  effect  of  the  p-type  doping  profile  on  laser  performance,  two  1300  nm  AlInGaAs 
laser  structures  were  compared.  The  AlhiGaAs  separate  confinement  heterostructure  (SCH)  layers  were  120  nm  thick. 
Si  doped  on  the  n-side.  and  with  set  back  zinc  doping  on  the  p-side.  The  active  region  consisted  of  5  x  70  A  AlInGaAs 
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QWs  with  1.4%  compressive  strain  and  70  A  unstrained  AlInGaAs  barriers.  This  basic  structure  is  illustrated  in  Fig.  3. 
This  structure  provides  a  total  (all  five  QWs)  optical  confinement  factor  of  about  18.3%.  The  only  difference  in  the  two 
structures  was  the  concentration  level  and  initiation  point  for  the  Zn  doping.  Figs  4  (a)  and  (b)  show  the  zinc  acceptor 
profiles  measured  by  secondary  ion  mass  spectroscopy  (SIMS)  analysis  for  the  two  samples,  clearly  illustrating  the  Zn 
doping  concentrations  and  setbacks. 
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Fig.  3  Epitaxial  layer  structure  for  AlInGaAs  edge  emitting  laser. 
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Fig.  4  (a)  SIMS  data  for  AlInGaAs  laser  where  p-doping  is  recessed  from  the  active  region.  The  Zn  profile  falls  below  a 
concentration  of  1x10 17  at  a  distance  of  1.0pm  front  the  QWs:  (b)  SIMS  data  for  AlInGaAs  laser  where  p-doping  is  both  higher  and 
extended  closer  to  the  active  region.  The  Zn  profile  falls  below  a  concentration  of  1x1017  at  a  distance  of  2500  A  from  the  QWs. 


From  these  two  AlInGaAs  laser  wafers,  broad  area  edge  emitting  lasers  with  stripe  width  of  50pm,  varying  stripe  lengths 
and  cleaved  facets  were  fabricated  and  tested  under  pulsed  conditions  at  various  temperatures.  Figs  5  (a)  and  (b) 
illustrate  the  room  temperature  and  over-temperature  light-current  (L-I)  characteristics  for  the  two  device  structures. 
These  data  show  that  while  the  thresholds  for  the  two  structures  are  fairly  comparable,  there  is  a  pronounced  difference 
in  the  temperature  dependence  of  their  threshold  currents  and  differential  quantum  efficiencies,  whose  exponential 
change  with  respect  to  temperature  are  characterized  by  the  temperatures  T„  and  I'i.  respectively.  For  instance,  for  a 
cavity  length  of  1000  pm.  the  room-temperature  (RT)  threshold  current  density  is  about  610  A/cm2  for  the  laser  with  the 
low  and  set  back  zinc  doping,  but  this  improves  modestly  to  about  480  A/cm2  for  the  laser  whose  zinc  doping  is  moved 
closer  to  the  active  region.  However,  the  differential  quantum  efficiency  at  room  temperaPire  demonstrates  a  much 
greater  improvement  when  the  zinc  doping  profile  is  optimized,  increasing  from  -  20%  to  about  60%.  Likewise,  the 
characteristic  temperatures  T0  and  Ti  are  improved  to  To~80K  and  Ti~200K  for  the  structure  with  an  optimized  zinc 
doping  profile.  This  benefit  presumably  accrues  from  the  greater  electron  confinement  associated  with  the  high  p- 
doping. 
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Fig.  5  (a)  Room  and  high  temperature  L-I  characteristics  of  broad-area  (w=50  jum)  AlInGaAs  lasers  that  had  Zn  doping  recessed  from 


the  active  region,  (b)  Room  and  high  temperature  LIV  results  from  edge  emitting  AlInGaAs  lasers  that  had  higher  Zn  doping,  moved 


closer  to  the  active  region.  These  edge  emitters  had  low  thresholds  combined  with  high  efficiency  and  high  T0.  (  X  ~  1300  nm). 
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Based  on  the  L-l  characteristics  obtained  from  laser  bars  of  different  cavity  lengths  (L).  we  extracted  the  distiibuted  loss 

(a)  and  internal  quantum  efficiency  (r^)  values,  by  fitting  the  inverse  of  the  measured  differential  quantum  efficiencies 
(rf1)  to  a  straight-line  dependence  with  respect  to  L,  in  the  standard  mamier.  These  trends  are  illustrated  in  Figs  6  (a)  and 

(b)  for  room  temperature  and  for  50°C.  Both  the  internal  efficiency  and  the  distributed  loss  are  degraded  with  higher 
temperature  due  to  carrier  leakage  and  intervalence  band  absorption,  respectively.  The  optical  spectrum  for  a  typical 
laser  bar  at  room  temperature  is  shown  in  Fig.  7. 


Fig.  6:  Room  temperature  (a)  and  high  temperature  (b)  efficiency  data  for  AlInGaAs  lasers  of  different  cavity  lengths,  and  with 
optimized  zinc  doping  profile. 
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Fig.  7  Room  temperature  emission  spectra  from  AlInGaAs  lasers  with  optimized  Zn  doping  profile. 

B.  1500nm  edge  emitting  lasers 

At  1500  nm  wavelength,  it  is  expected  that  Auger  recombination  rather  than  carrier  leakage  will  most  limit  the  high- 
temperature  laser  performance.  Nevertheless,  the  improved  carrier  confinement  offered  by  AlInGaAs  heterostructures 
may  still  contribute  some  performance  benefit  at  this  longer  wavelength.  The  1500  nm  AlInGaAs  lasers  grown  here  are 
very  similar  to  the  1300  nm  structures,  with  modification  to  the  quantum  wells  (QWs),  barriers,  and  separate 
confinement  heterostructure  (SCH),  as  appropriate  for  extending  the  operation  to  1500  nm.  The  target 
photoluminescence  wavelength  was  1480  nm. 

Similar  to  the  1300  nm  MQW  lasers,  the  1500  nm  structures  also  incorporate  100  nm  AlInAs  surrounding  the  SCH.  For 
maximum  carrier  confinement,  the  n-  and  p-type  doping  are  included  in  these  AlInAs  layers.  Similar  to  the  5-QW  1300 
nm  structures,  we  chose  1.0%  compression  for  the  QWs.  On  the  other  hand,  rather  than  using  unstrained  barriers  (that 
we  used  in  the  case  of  1300nm  lasers),  we  instead  incorporated  strain-compensating  barriers  with  0.5%  tensile  strain. 
This  choice  was  made  because  we  anticipated  using  larger  numbers  of  QWs,  for  better  performance  at  longer 
wavelength  where  the  Auger  recombination  rate  is  greater.  The  SCH  comprises  45  nm  undoped,  lattice-matched 
(Alo.5Gao.5)o.5Ino.5As  while  the  QWs  are  85  A  (Al0.3iGao.69)o.32lno  esAs,  which  experiences  1.0%  compression.  The 
barriers  are  70  A  thick,  0.5%  tensile-strained  (Alo.sGao.sJo.ssIncusAs.  The  bandgap  wavelength  of  this  alloy  is 
approximately  1.0  pm.  Both  5-  and  9-QW  structures  were  grown  for  comparison.  Likewise,  similar  structures  with 
conventional  InGaAsP  active  regions,  both  5-  and  9-QW,  were  also  grown.  In  this  case  the  QWs  were  85  A 
Ino.75Gao  25Aso.75Po.25  (0.7%  compression),  while  the  barriers  were  80  A  thick,  and  tensile  strained  to  compensate  the  QW 
compression  The  SCH  comprised  a  stepped- index  waveguide,  with  30  nm  each  of  1.0  pm  and  1.05  pm  InGaAsP 
quaternary  layers  around  both  sides  of  the  MQW. 


Generally,  the  1500  nm  AlInGaAs  lasers  exhibited  good  performance,  and  in  some  cases  they  appeared  superior  to  the 
InGaAsP  lasers.  For  example,  the  cavity-length  dependence  of  threshold  current  density  for  5-QW  InGaAsP  and 
AlInGaAs  broad-area  lasers  of  width  50  pm  compared  in  Figure  8a.  Both  devices  have  an  emission  wavelength  of  1500- 


Proc.  of  SPIE  Vol.  5349  213 


1510  nm,  as  expected  for  a  nominal  PL  wavelength  of  1480  nm.  The  threshold  currents  at  22C  are  nearly  identical, 
around  550  A/cm2  for  500  pm  long  lasers,  and  dropping  to  425  A/cin2  for  1000  pm  cavity  lasers.  A  slight  difference 
was  apparent,  however,  in  the  temperature  dependence  of  threshold  current  density,  shown  in  Figure  8b.  Over  the 
temperature  range  10-80C.  the  threshold  is  less  temperature-sensitive  for  the  AlInGaAs  lasers,  with  a  characteristic 
temperature  T0=64K.  compared  to  a  value  of  49K  for  the  InGaAsP  lasers  (both  lasers  have  length  L— 530  pm). 
Similarly,  the  differential  quantum  efficiency  is  also  less  temperafiire  sensitive  for  AlInGaAs  lasers,  as  indicated  in 
Figure  9.  The  T,  values,  characteristic  of  the  exponential  drop  in  quantum  efficiency  with  temperature,  are  139K  and 
10 IK  for  AlInGaAs  and  InGaAsP  5-QW  active  regions,  respectively. 


cavity  length  (jjm)  temperature  tC) 


Fig.  8  Comparison  of  threshold  current  densities  (Jth)  of  5-QW.  1500nm  AlInGaAs  and  InGaAsP  lasers:  (a)  cavity  length  dependence 
of  Jth;  and  (b)  temperature  dependence  of  Jth. 


temperature  tC) 


Fig.  9  Comparison  of  temperature  dependence  of  the  external  differential  quantum  efficiency  of  5-QW.  1500nm  AlInGaAs  and 
InGaAsP  lasers 

Oftentimes,  nonradiative  recombination  associated  with  oxygen-related  defects  in  AlInGaAs  causes  the  characteristic 
temperature  to  appear  artificially  high,  because  this  nonradiative  component  of  the  total  threshold  current  is  not  so 
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temperature-sensitive.  In  these  cases,  however,  the  room-temperature  threshold  current  is  typically  higher  than  for 
InGaAsP  lasers,  and  the  quantum  efficiency  lower.  Here,  in  contrast,  over  the  entire  range  of  temperatures  tested  ( 10- 
80C),  the  threshold  is  similar  or  lower  and  the  efficiency  higher  for  the  5-QW  AlInGaAs  devices.  This  suggests  that  the 
performance  improvement  is  genuine,  accruing  from  the  some  fundamental  property  of  the  AlInGaAs  heterostructures, 
for  example  favorable  band  offsets,  lower  Auger  recombination,  etc. 

Broad-area  lasers  of  various  cavity  lengths  (L)  were  examined,  to  determine  the  internal  quantum  efficiency  (r\{)  and 
distributed  loss  (a)  in  the  standard  manner.  These  results  are  shown  in  Fig.  10a,  which  compares  the  cavity- length 
dependence  of  efficiency  for  5-  and  9-QW  AlInGaAs  lasers.  The  internal  quantum  efficiency  extrapolates  to  r|;~80%, 
while  the  distributed  loss  is  a=14  cm*1  for  the  5QW  lasers  and  a=3 1  cm*1  for  the  9-QW  laser.  The  disproportionately 
high  distributed  loss  for  the  9-QW  laser  may  be  a  result  of  a  nonuniform  carrier  distribution  among  the  more  numerous 
QWs.  This  trend  was  also  observed  when  the  5-  and  9-QW  InGaAsP  lasers  were  compared,  with  a=  14  and  39  cm*1, 
respectively,  as  indicated  in  Fig.  10b. 
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Fig.  10  Comparison  of  the  differential  quantum  efficiency  of  5  and  9  QW  1500nm  lasers:  (a)  AlInGaAs:  and  (b)  InGaAsP  active 
regions 

Although  the  room-temperature  threshold  current  density  is  higher  for  the  9-QW  lasers  compared  to  the  5-QW  lasers,  the 
9-QW  devices  generally  exhibit  less  temperature  sensitivity  (higher  T0  and  T]  values)  than  5-QW  devices.  This 
tendency  is  expected,  since  the  gain  per  QW  (and  therefore  the  carrier  density)  is  lowered  as  more  QWs  are  added  to  the 
active  region.  This  is  illustrated  in  Fig.  1 1,  comparing  the  temperature-dependence  of  threshold  current  density  for  5- 
and  9-QW  AlInGaAs  lasers  of  length  530  pm.  However,  the  injected  carrier  distribution  may  also  become  more  uniform 
at  elevated  temperatures,  since  a  larger  fraction  of  injected  carriers  are  not  confined  to  the  QWs.  In  this  situation, 
increasing  the  available  thermal  energy  can  promote  a  more  uniform  distribution,  which  may  also  contribute  to  the 
higher  T0. 
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temperature  fC) 

Fig.  1 1  Comparison  of  Jt|,  of  5  and  9  QW,  1500nm  AlInGaAs  lasers 

In  order  to  better  understand  the  source  of  the  decrease  in  differential  quantum  efficiency  at  elevated  temperatuies,  the 
cavity  length  studies  were  also  performed  at  a  higher  temperature  of  60C.  The  observed  reduction  in  efficiency  could  be 
caused  by  a  combination  of  lower  internal  quantum  efficiency,  or  a  higher  distributed  loss.  If  only  the  internal  quantum 
efficiency  was  reduced  at  higher  temperature  (by  carrier  leakage,  for  example),  the  intercept  of  the  rf1  vs.  L  curve  would 
change,  but  the  slope  would  remain  unchanged.  Alternatively,  if  the  distributed  loss  was  increased  at  high  temperature, 
the  slope  would  increase  but  the  intercept  stay  unchanged.  Generally,  from  the  high-temperature  cavity-length  studies,  it 
appeared  that  the  lower  efficiency  was  predominantly  associated  with  an  increase  in  the  distributed  loss  with 
temperature,  rather  than  any  sizeable  decrease  in  the  internal  quantum  efficiency.  This  is  represented  in  Fig.  12a  for  the 
9-QW  AlInGaAs  laser;  also  shown  are  the  temperature  dependence  of  threshold  current  density  and  quantum  efficiency 
for  this  device  (Fig.  12b),  with  T0=  72.7K  and  T,=  152K.  Similar  trends  were  observed  for  all  laser  samples,  InGaAsP 
and  AlInGaAs  alike. 


CM 


cavity  length  (pm)  temperature  (  C) 


Fig.  12(a)  Cavity  length  dependence  of  1/T|extemal-  measured  at  room  temperature  and  60C  for  9QW  1500nm  AlInGaAs  lasers:  and 
(b)  temperature  dependence  of  threshold  current  density  (Jth)  and  DQE  Olextemal)- 
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differential  quantum  efficiency  {%) 


The  performance  improvements  associated  with  AlInGaAs  are  often  attributed  to  greater  band  offsets  that  better  confine 
injected  carriers  and  suppress  leakage.  Nevertheless.  Auger  recombination  also  plays  a  strong  role  in  determining  T0, 
especially  in  1500-nm  band  lasers.  The  absence  of  a  significant  decrease  in  the  internal  quantum  efficiency  when  the 
temperature  increases  from  22C  to  60C  (Figure  12a),  indicates  that  carrier  leakage  can  be  minimized  in  the  AlInGaAs 
structures. 


4.  CONCLUSIONS 

Edge  emitting  lasers  with  excellent  thresholds,  efficiencies  and  high  temperature  performance  were  demonstrated  at 
1300nm  and  1500nm.  These  lasers  had  an  AlInGaAs  active  region  and  exhibit  significantly  improved  performance  over 
their  counterparts  that  use  the  more  conventional  InGaAsP  active  region.  The  growth  of  AlInGaAs  active  regions  by 
MOCVD  poses  certain  challenges  and  calls  for  careful  optimization  of  growth  conditions.  The  doping  levels  and  offsets 
in  the  active  region  and  cladding  layers  play  a  significant  role  in  device  performance. 
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ABSTRACT 

The  emission  spectrum  of  a  two-color  semiconductor  laser  is  analyzed.  We  find  four-wave  mixing  sidebands  for 
difference  frequencies  up  to  4  THz.  The  appearance  of  four-wave  mixing  signals  is  a  clear  sign  for  a  modulation  of  the 
carrier  plasma  at  the  corresponding  difference  frequency.  We  prove  experimentally  that  this  difference  frequency  is  also 
directly  emitted  out  of  the  laser  diode  and  suggest  a  new  simple  concept  for  the  generation  of  tunable  coherent  THz- 
radiation. 

Keywords:  Terahertz,  THz,  four-wave-mixing,  FWM,  external  cavity,  semiconductor  laser,  nonlinear  dynamics 

1.  INTRODUCTION 

Semiconductor  lasers  are  widely  used  in  spectroscopy,  metrology  and  telecommunications.  Their  main  advantages  are 
spectral  tunability,  low  cost,  compact  design  and  their  low  power  consumption.  The  best  performance  with  respect  to 
tuning  range  and  linewidth  are  achieved  by  the  combination  of  semiconductor  laser  diodes  with  external  cavities. 
Common  realizations  like  the  Littmann1  or  Littrow2  configuration  use  the  movement  of  a  grating  or  mirror  to  tune  the 
wavelength  of  the  laser  emission. 

In  the  last  years  the  application  of  external  cavity  semiconductor  lasers  for  the  generation  of  cw-THz-radiation  has  been 
intensively  discussed.  In  most  approaches,  the  outputs  of  two  separate  stabilized  lasers  are  superimposed  and  focused  on 
a  photoconducting  antenna3.  When  the  emission  frequency  of  both  lasers  is  slightly  different  (detuned  by  several  GHz  or 
THz)  the  difference  frequency  is  generated  in  and  emitted  out  of  the  antenna4.  The  effort  of  generating  THz  Radiation 
could  be  considerably  reduced  using  only  one  laser  system  emitting  two  colors  simultaneously.  This  idea  has  been 
demonstrated  by  5  using  a  complex  and  expensive  cw-Titan-Saphire  laser  system.  Using  diode  lasers  as  light  source 
would  considerably  reduce  the  cost,  footprint  and  complexity  of  such  systems.  Unfortunately  simultaneous  emission  of 
two  frequencies  is  neither  possible  in  the  Littrow  nor  in  the  Littmann  configuration.  But  the  external  cavity  used  in  this 
work,  the  so  called  Fourier-Transform  External  Cavity  Laser  (FTECAL)  -  geometry  offers  the  unique  opportunity  to 
emit  two  colors  simultaneously6.  This  system  has  been  used  previously  to  generate  THz-Radiation7.  Also  the  first  cw- 
THz  imaging  system  described  in  section  3  has  been  demonstrated  using  this  laser  system.  The  dynamics  of  such  a  Two 
Color  Laser  (TCL)  is  crucial  for  the  THz  generation  and  is  therefore  analyzed  in  this  work. 


Semiconductor  lasers  and  amplifiers  in  general  are  well  known  to  show  a  rich  dynamic  behavior  due  to  the  interaction 
of  the  complex  carrier  dynamics  in  the  semiconductor  with  the  light  field.  The  corresponding  nonlinear  effects  have 
been  extensively  studied  in  pump-probe8'9  and  four-wave  mixing  1011  experiments  using  semiconductor  laser  amplifiers. 
The  subpicosecond  gain  dynamics  found  in  femtosecond  pump-probe  experiments  could  be  explained  by  spectral  hole 
burning  12  and  carrier  heating  ,3.  Even  faster  coherent  dynamics  were  found  with  a  heterodyne  four-wave-mixing 
experiment14,  other  effects  like  free  earner  absorption15  and  two  photon  absorption16  are  still  controversially  discussed. 
It  has  been  shown  that  these  ultrafast  nonlinearities17  lead  to  nondegenerate  four-wave  mixing  (FWM)  up  to  difference 
frequencies  above  4  THz.  Four-Wave-Mixing  in  a  two  color  semiconductor  laser  has  to  our  knowledge  not  been 
reported,  yet. 
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2.  EXPERIMENTAL  SETUP 


The  FTECAL  setup  for  the  laser  cavity  used  in  this  work  is  similar  to  the  Littman  configuration.  But  in  addition  to  the 
Littman  setup,  a  Fourier  transformation  in  the  cavity  is  exploited.  This  laser  cavity  is  extensively  discussed  in  Reference 
6‘7,  in  18  a  similar  cavity  is  used  for  modelocking  and  pulse  shaping  of  semiconductor  lasers.  The  setup  is  shown  in  Fig. 
1.  The  emission  of  an  antireflexion  coated  semiconductor  laser  diode  (LD)  is  collimated  with  lens  (Li)  and  then 
diffracted  by  an  optical  grating  (G).  The  diffracted  light  is  collected  by  a  second  lens  (L2)  and  focused  onto  the  external 
mirror  (M).  The  distances  between  mirror  and  lens  on  one  hand  and  the  grating  and  the  lens  on  the  other  equal  the  focal 
length  of  (L2).  So  the  different  frequencies  diffracted  from  the  grating  into  different  directions  are  focused  onto  different 
sections  of  the  mirror.  This  corresponds  to  a  Fourier  transformation  performed  by  the  grating  (G)  and  the  lens  (L2).  An 
unstructured  end  mirror  would  reflect  the  whole  spectrum  back  into  the  cavity  such  that  each  spectral  component  is  back 
reflected  in  itself.  A  selection  of  the  lasing  frequency  can  be  achieved  by  introducing  an  aperture  directly  in  front  of  the 
minor  between  (M)  and  (L2).  In  our  case  we  used  a  laterally  structured  mirror  in  order  to  select  two  frequencies  for 
simultaneous  feedback.  It  consists  of  a  glass-substrate  on  which  a  V-shaped  gold  stripe  is  evaporated.  The  difference 
frequency  can  be  selected  by  vertical  translation  of  the  end  mirror  [14].  Different  center  frequencies  can  be  achieved  by 
lateral  translation  of  the  end  mirror. 


Fig.  Is  Schematic  setup  of  the  FTECAL:  The  optical  emission  of  the  laserdiode  (LD)  is  collimated  with  lens  LI  and 
directed  to  a  grating  (G)  via  a  chopper  wheel  (Ch).  The  spectrally  dispersed  light  is  focused  onto  the  end  mirror  (M)  by 
a  lens  (L2).  Two  spectral  modes  are  selected  by  the  V-striped  endmirror.  The  difference  frequency  is  tuned  by  a  vertical 
translation  of  M.  The  NIR  emission  of  the  laser  is  split  by  a  beamsplitter  (BS)  and  monitored  by  a  powermeter  (P)  and 
an  optical  spectrum  analyzer  (OSA)  simultaneously.  The  THz  emission  out  of  the  back  facet  of  the  laser  is  measured 
with  a  bolometer  (B).  A  small  bandwidth  bandpass  filter  (F)  can  be  inserted  between  LD  and  B. 


Light  is  coupled  out  of  the  laser  by  utilizing  the  0-order  (reflection)  of  the  grating.  The  optical  emission  is  analyzed  with 
an  Optical  Spectrum  Analyzer  (OSA)  and  a  power  meter  (P).  A  chopper  wheel  (C)  could  also  be  included  in  the  cavity 
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to  use  lock-in  technique  for  the  detection.  For  the  measurement  of  electromagnetic  frequencies  in  the  THz-regime  a 
bolometer  (B)  and  filters  (F)  were  used  as  described  in  section  5. 

In  our  FWM  experiments  and  THz  emission  experiments  we  used  a  ridge  waveguide  laser  diode  (Eagleyard  Photonics, 
Type  RWE-0805).  The  device  is  750  pm  long  and  the  active  region  contains  one  single  9  nm  thick  InGaAsP  quantum 
well  grown  on  GaAs.  The  device  is  mounted  on  a  c-mount  carrier. 


3.  TWO-COLOR  OPERATION 

The  laser  system  described  above  has  been  successfully  used  as  a  laser  source  in  a  THz-imaging  system  operating  with 
continuous  wave  terahertz  radiation  l9.  A  sketch  of  the  imaging  system  is  shown  in  figure  2.  The  two-color  optical 
output  is  generated  in  the  laser  system  described  above.  The  emitted  radiation  is  focussed  onto  a  photoconducting 
antenna  in  which  the  difference  frequency  in  the  THz  regime  is  generated  by  photomixing.  The  THz  radiation  is 
focussed  onto  a  sample,  the  transmitted  signal  is  detected  by  a  bolometer.  By  scanning  the  sample  in  two  directions,  a 
THz  transmission  picture  is  obtained.  ^ 
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End  Mirror 
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Grating 
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Fig.  2:  Setup  for  THz  imaging  using  Two-color  laser 

For  this  application,  the  synchronicity  of  the  two  laser  modes  is  crucial.  Typical  emission  spectra  of  the  TCL  are  shown 
in  Figure  3.  However,  from  these  time-integrated  spectra  it  cannot  be  concluded,  that  the  laser  is  emitting  on  both  lines 
simultaneously.  The  simultaneity  of  the  emission  in  this  configuration  was  recently  demonstrated  by  upconvertmg  the 
emission  of  the  laser  in  a  nonlinear  LiTa03-crystal6.  Upconversion  of  the  spectra  plotted  in  Figure  3  yields  the  spectra 
plotted  in  figure  4.  Assuming  that  the  laser  is  emitting  the  frequencies  fi  and  f> ,  we  find  the  second  harmonics  2f0and 
2fj  and,  in  addition,  the  mixing  product  f0+f|  when  the  two  frequencies  are  emitted  at  least  partially  synchronously.  So 


220  Proc.  of  SPIE  Vol.  5349 


the  appearance  of  a  contribution  at  f0+fi  in  the  spectrum  is  an  unambiguous  proof  that  both  colors  are  at  least 
temporarily  simultaneously  emitted. 


818  819  820  821  822 

wavelength  /nm 
Fig.  3:  Two  color  emission 


wavelength  /  nm 

Fig.  4:  Graph  of  the  frequency  doubled  spectrum  of  the  FTECAL  emission  spectrum  shown  in  Fig.  3,  together  with  the 

upconversion  mixing-product. 

Theoretical  modeling  of  this  laser  system  provided  a  rich  temporal  dynamics20  and  showed  that  perfect  synchronization 
of  the  two  modes  is  not  easy  to  achieve.  Since  synchronous  operation  is  crucial  for  applications  as  the  THz  imaging 
system  shown  above,  it  is  important  to  monitor  the  synchronicity  of  the  modes  to  achieve  optimum  performance  of  the 
system.  But  the  above  described  concept  using  mixing  in  a  nonlinear*  crystal  introduces  too  much  complexity  and  an 
easier  approach  to  control  the  two-color  emission  is  highly  desirable. 
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4.  FOUR-WAVE-MIXING 


As  mentioned  in  section  1,  semiconductor  lasers  are  highly  nonlinear  media  themselves.  Nondegenerate  four- wave 
mixing  experiments  with  two  different  wavelengths  injected  into  a  semiconductor  laser  amplifier  were  extensively 
investigated  in  the  literature  (see  e.g.  Refs.  1£U1’.  Synchronous  operation  of  the  FTECAL  on  two  colors  is  similar  to  this 
approach  and  accordingly  FWM  sidebands  can  be  expected,  too,  when  the  two  modes  are  synchronous.  We  inspected 
the  emission  spectra  of  our  TCL.  Emission  spectra  recorded  with  high  sensitivity  and  50  pm  resolution  are  plotted  in 
Figure  5.  Side  modes  due  to  FWM  are  clearly  visible  in  the  optical  spectrum  and  so  prove  the  synchronicity  of  the  two 
colors.  Further,  we  find  that  FWM  is  not  limited  to  a  well  selected  central  wavelength  in  the  gain  spectrum.  As  shown  in 
Figure  5,  the  occurrence  of  sidebands  does  not  critically  depend  on  the  positions  of  the  two  modes  within  the  gain 
spectrum. 
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Fig.  5:  FWM  spectra  for  different  central  frequencies 


We  further  investigated  our  system  for  different  difference  frequencies.  Emission  spectra  for  difference  frequencies 
between  0.37  TFIz  and  2.51  THz  are  shown  in  Figure  6.  Four-wave  mixing  sidebands  are  detectable  on  the  high-energy 
side  of  the  two  modes  over  the  entire  range.  In  all  cases  the  high  energy  FWM  sideband  2(0|-(0:  is  stronger  than  the  low 
energy  sideband  at  the  frequency  2«>.-C0i .  We  attribute  this  to  the  higher  differential  gain  at  the  high  energy  side  of  the 
gain  spectrum.  The  FWM  intensity  decreases  with  increasing  difference  frequency.  This  is  a  consequence  of  the 
modulation  response  of  the  laser  diode  which  obviously  drops  at  frequencies  above  2  THz. 

Four-wave  mixing  sidebands  at  even  higher  difference  frequencies  could  be  achieved  by  modelocking  the 
semiconductor  laser.  For  that  purpose,  the  laser  diode  current  is  modulated  synchronously  to  the  roundtrip  time  in  the 
external  cavity.  As  shown  in  Figure  7,  FWM  with  difference  frequencies  up  to  4.2  THz  could  be  achieved  with  this 
scheme.  This  value  is  as  high  as  the  record  value  by  nondegenerate  FWM  experiments  reported  in'7. 


222  Proc.  of  SPIE  Vol.  5349 


60 


Fig.  6:  The  FWM  signal  for  a  range  of  difference  frequencies  with  the  laser  operated  in  cw-mode  is  shown  in  this  plot. 

An  offset  of  10  dBm  is  added  to  each  curve. 
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Fig.  7:  The  FWM  signal  for  a  range  of  difference  frequencies  with  the  laser  operated  in  modelocked-mode  is  shown  in 

this  plot.  An  offset  of  10  dBm  is  added  to  each  curve. 
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5.  DIRECT  THZ  EMISSION 

The  presence  of  the  FWM-sidebands  indicates  that  there  is  an  oscillation  of  the  carrier  plasma  in  the  semiconductor  with 
the  difference  frequency  of  the  two  colors.  Since  the  third  order  non-linear  effect  FWM  is  so  easy  to  observe  in  the 
optical  spectrum,  we  expect  that  difference  frequency  generation  as  a  second-order  nonlinear  process  might  be  strong 
enough  to  support  direct  THz  emission  out  of  the  semiconductor  laser  itself. 

To  check  this  prediction  experimentally21,  we  analyzed  the  output  of  the  laser  diode  with  a  bolometer  positioned  behind 
the  facet  opposite  to  the  external  cavity  (Fig.  1).  The  experiments  were  performed  at  room  temperature.  We  used  a 
magnetically  enhanced  InSb  bolometer  (QMC  Instruments  QFI/2BI)  cooled  to  4K.  This  instrument  is  sensitive  for  THz 
radiation  in  a  broad  detection  window  between  0.3  and  1 .5  THz. 

Since  we  used  a  standard  semiconductor  laser  without  modifications  for  the  THz  emission  we  had  to  take  particular  care 
to  isolate  the  signal  due  to  direct  THz  emission  from  background  noise. 


Laser 


Filter 


Bolometer 


Fig.  8:  Detection  of  direct  emission  and  background 


All  measurements  are  performed  using  a  lock-in  amplifier  connected  to  the  bolometer  output.  A  chopper  wheel  is 
positioned  in  the  external  laser  cavity.  So  the  bolometer  is  only  sensitive  for  signals  modulated  with  the  chopper 
frequency.  Then  the  principal  contributions  to  the  bolometer  signal  are:  the  narrow-bandwidth  THz  signal  we  expect 
from  our  laser  in  two-color  mode,  residual  light  hitting  the  bolometer,  heat  radiation  caused  by  light  absorbed  in  the 
entrance  window  of  the  bolometer,  and  heat  radiation  originating  directly  from  the  laser.  In  contrast  to  the  desired  THz 
signal  the  heat  radiation  has  a  broadband  spectrum.  To  illustrate  this.  Fig.  8  shows  the  signals  detected  with  the 
bolometer  in  our  experiment. 


Since  the  heat  radiation  due  to  light  absorbed  by  the  bolometer  entrance  window  and  the  residual  light  hitting  the 
detector  lead  to  an  undesired  background  bolometer  signal  two  orders  of  magnitude  higher  than  the  diiect  THz  emission 
signal,  we  introduced  a  filter  composed  of  several  layers  of  paper  between  laser  and  bolometer.  While  THz-emission  in 
the  detection  window  is  passing  the  filter  onlys  with  an  attenuation  of  approximately  50%,  optical  light  is  attenuated  by 
more  than  than  99,97%  Most  of  the  light  is  scattered  and  reflected  from  the  filter.  But  again,  the  light  absorbed  in  the 
filter  is  leading  to  a  modulated  background  of  broadband  heat  radiation  and  we  oberserved  that  the  background  of 
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modulated  heat  radiation  is  proportional  to  the  optical  output  power  of  the  laser.  This  is  accounted  for  by  normalizing  all 
measured  bolometer  signal  by  the  optical  power  for  each  measurement.  To  reduce  the  influence  from  further  heat 
sources  to  the  measured  signal,  the  normalized  bolometer  signal  for  the  operation  on  one  color  only23  is  subtracted  from 
the  two-color  signal  to  extract  the  specific  contribution  due  to  two-color  operation.  This  normalized  difference 
frequency  is  measured  for  a  range  of  difference  frequencies  as  shown  in  Fig.  9  (a). 

To  discriminate  whether  the  direct  THz  emission  really  coincides  with  the  difference  frequency  of  the  laser,  we  inserted 
a  THz  bandpass  filter24  with  sharp  transmission  characteristics  between  filter  and  bolometer.  The  transmission 
characteristics  of  the  filter  is  shown  in  Fig.  9  (b)  as  a  dotted  line  together  with  the  normalized  THz  emission  with  the 
filter  inserted.  The  THz  emission  is  only  observed  when  the  chosen  difference  frequency  of  the  laser  is  in  the  detection 
window  defined  by  the  filter.  Since  we  measure  the  THz  signal  as  a  function  of  the  difference  frequency,  this 
unambiguously  confirms,  that  the  THz  emission  is  centered  at  the  difference  frequency  of  the  laser. 


difference  frequency  /  THz 


Fig.  9:  Direct  THz  Emission 

The  detected  THz-power  in  these  experiments  is  low  (in  the  sub  -  nW  range),  but  it  can  be  increased  to  application 
relevant  levels  by  using  laser  diodes  with  higher  intensity  and  by  modifying  the  geometry  of  the  laser  diode  to  provide 
wave  guiding  not  only  for  the  optical  but  also  for  the  THz  wave.  The  outcoupling  efficiency  of  the  laser  can  also  be 
increased  by  adding  an  antenna  structure  to  the  laser  diode  to  provide  impedance  matching  between  semiconductor  and 
surrounding  air. 
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6.  CONCLUSIONS 


In  conclusion,  we  have  analyzed  FWM  sidebands  in  two  color  semiconductor  lasers.  Four-wave  mixing  sidebands  were 
observed  for  difference  frequencies  up  to  2.5  THz  in  CW  operation.  Sideband  spacings  up  to  4.2  THz  were  achieved 
with  a  modelocked  two  color  laser.  Moreover,  we  could  show  that  the  corresponding  difference  frequency  in  the  THz- 
regime  is  emitted  directly  out  of  the  laser  diode.  With  a  few  improvements  our  system  promises  to  become  a  simple 
tunable  coherent  THz  source  at  room  temperature  competitive  to  more  complex  approaches  as,  e.g.  difference  frequency 
generation  of  two  stabilized  lasers  by  photomixing25  or  THz-quantum  cascade  lasers'6. 

7.  ACKNOWLEDGEMENT 

We  thank  E.  Briindermann,  N.C.  Gerhardt  and  M.  Breede  for  the  stimulating  discussions;  S.W.Koch,  M.  Kira,  M.  Matus 
and  J.V.  Moloney  for  the  theoretical  support,  S.  Saito  and  K.Sakai  for  lots  of  information  and  clues  in  the  generation  of 
THz-radiation;  M.  Koch  and  T.  Kleine-Ostmann  for  the  cooperation  in  the  THz-Imaging  system. 

8.  REFERENCES 


1 .  M.G.  Littmann,  Opt.  Lett.  3  (1978)  138. 

2.  T.  W.  Hiinsch,  Appl.  Opt.,  1 1  (1972)  895. 

3.  P.  Chen  et.al.,  Appl.  Phys.  Lett. ,71,  1601  (1997) 

4.  K.A.  McIntosh,  E.R.  Brown,  K.B.  Nichols,  O.B.  McMahon,  W.F.  DiNatale  and  T.M.  Lyszczarz,  Appl.  Phys. 
Lett.,  67,3844(1995) 

5.  E.R.  Brown,  K.A.  McIntosh,  F.  W.  Smith,  K.  B.  Nichols,  M.  J.  Nichols,  M.  J.  Manfra,  C.  L.  Dennis  and  J.  P. 
Dennis,  Appl.  Phys.  Lett.,  64,  3311  (1994) 

6.  M.  Breede,  S.  Hoffmann,  J.  Zimmermann,  J.  Struckmeier  ,  M.  Hofmann,  T.  Kleine-Ostmann,  P.  Knobloch,  M. 
Koch,  J.P.  Meyn,  M.  Matus,  S.W.  Koch,  and  J.V.  Moloney,  Opt.  Commitn.201 ,  261  (2002). 

7.  M.  Tani,  P.  Gu,  M.  Hyodo,  K.  Sakai,  and  T.  Hidaka,  Optical  and  Quantum  Electron.  32,  503  (2000)  and 
references  therein. 

8.  M.S.  Stix,  M.P.  Kesler,  and  E.P.  Ippen,  Appl.  Phys.  Lett.  48,  1722  (1986). 

9.  K.L.  Hall,  G.  Lenz,  A.M.  Darwish,  and  E.P.  Ippen,  Opt.  Commun.  Ill,  589  (1994). 

1 0.  S.  Murata,  A.  Tomita,  J.  Shimizu,  M.  Kitamura,  and  A.  Suzuki,  Appl.  Phys.  Lett.  58,  1458  (1991). 

11.  A.  D’Ottavi,  A.  Mecozzi,  S.  Scotti,  F.  Cara  Romeo,  F.  Martelli,  P.  Spano,  R.  Dali  Ara,  J.  Eckner,  and  G. 
Guekos,  Appl.  Phys.  Lett.  67,  2753  ( 1995). 

12.  K.  Henneberger,  F.  Herzel,  S.W.  Koch,  R.  Binder,  A.E.  Paul,  and  D.  Scott,  Phys.  Rev.  A  45,  1853  (1992); 

13.  M.  P.  Kesler,  C.S.  Haider,  and  E.E.  Latta,  Appl.  Phys.  Lett.  59,  2775  (1991). 

14.  M.  Hofmann,  S.D.  Brorson,  J.  Mork,  and  A.  Mecozzi,  Appl.  Phys.  Lett.  68,  3236  (1996). 

15.  A.  Haug,  Semicond.  Sci.  Technol.  7,  373  (1992). 

1 6.  J.  Moerk,  J.  Mark,  and  C.P.  Seltzer,  Appl.  Phys.  Lett.  64,  2206  (1994). 

17.  A.  D’Ottavi,  E.  Iannone,  A.  Mecozzi,  S.  Scotti,  P.  Spano,  R.  Dall'Ara,  G.  Guekos,  and  J.  Eckner,  Appl.  Phys. 
Lett.  65,  2633  (1994). 

18.  S.Gee,  G.  A.  Alphonse,  J.C.  Connolly,  C.  Barty,  amd  P.J.  Delfyett,  IEEE  J.  Quantum.  Electron.,  36,  1035 
(2002). 

19.  T.  Kleine-Ostmann,  P.  Knobloch,  M.  Koch,  S.  Hoffmann,  M.  Breede,  M.  Hofmann,  G.  Hem,  K.  Pierz,  M. 
Sperling,  and  K.  Donhuijsen,  Electronics  Letters  37,  1461-1463  (2001). 

20.  M.  Matus  et.  al.  submitted  to  IEEE  J.  Quantum.  Electron. 

21 .  S.  Hoffmann,  M.  Hofmann,  E.  Briindermann,  M.  Havenith,  M.  Matus,  J.V.  Moloney,  A.  Moskalenko,  M.  Kira, 
S.W.  Koch,  S.  Saito  and  K.  Sakai  submitted  to  Appl  Phys.  Lett. 

22.  Pulsed  THz  radiation  generated  by  ultrashort  pulses  in  photoconducting  antennas  was  used  for  the  transmission 
measurements. 

23.  All  other  parameters  (e.g.  optical  power,  temperature,  current )  are  kept  constant. 

24.  Filter  type:  BPF  85 1  by  QMC  Instruments 

25.  K.J.  Siebert,  H.  Quast,  R.  Leonhardt,  T.  Loffler,  M.  Thomson,  T.  Bauer,  H.G.  Roskos  and  S.  Czasch,  Appl. 
Phys.  Lett.,  80,  3003  (2001). 


226  Proc.  of  SPIE  Vol.  5349 


26.  R.  Kohler,  A.  Tredicucci,  F.  Beltram,  H.  E.  Beere,  E.H.  Linfield,  A.G.  Davies,  and  D.A.  Richie,  Opt.  Lett.  28, 
810(2003). 


Proc.  of  SP1E  Vol.  5349  227 


Modeling,  Simulating,  and  Characterizing  Performance  in 

Optical  Switching  Networks 


J.  Nathan  Kutza,  B.  Small6,  W.  Lu6,  and  K.  Bergman6 

“Department  of  Applied  Mathematics,  University  of  Washington,  Box  352420,  Seattle, 

98195-2420,  USA 

department  of  Electrical  Engineering,  Columbia  University,  1312  S.  W.  Mudd,  500  W.  120th 

Street,  New  York,  NY  10027  USA 


ABSTRACT 

Photonic  packet  switching  for  all-optical  networks  is  a  rapidly  developing  technology  since  it  circumvents  many  of 
the  traditional  bottlenecks  created  by  the  use  of  electronics.  All-optical  networking  has  application  to  both  long- 
haul  communications  systems  and  high-performance  computing  systems.  In  each  case,  all-optical  technologies 
are  responsible  for  the  routing,  switching  and  logic  decisions  of  the  network.  Characterizing  the  performance  of 
a  network  includes  calculating  the  latency  and  scalability  of  a  given  architecture  assuming  ideal  behavior  of  its 
physical  components.  However,  the  physical  layer  ultimately  determines  the  feasibility  of  data  transmission.  Thus 
accurately  calculating  the  accumulated  bit-error-rate  (BER)  is  fundamental  to  evaluating  the  optical  network  as 
a  whole,  regardless  of  the  network  architecture.  A  new  simulation  technique,  which  is  based  upon  experimental 
findings,  is  introduced  which  characterizes  the  physical  layer  performance  of  a  given  network  architecture  known 
as  the  Data  Vortex.  Experiments  show  that  almost  all  the  physical  layer  penalty  is  generated  by  the  nodes  which 
are  used  for  switching  and  routing.  Specifically,  at  each  node  data  packets  are  amplified  by  a  semiconductor 
optical  amplifier  so  that  coupling  and  routing  losses  are  compensated.  In  this  process,  the  data  packets  receive 
a  noise  penalty  which  results  primarily  from  amplified  spontaneous  emission  and  in  small  part  from  spectral 
broadening.  By  using  a  phenomenological  approach  to  modeling  the  noise  penalties,  the  performance  of  the 
network  nodes  can  be  characterized.  The  modeling  allows  for  a  comprehensive  understanding  of  the  network  and 
is  a  highly  efficient  computational  tool  for  evaluating  performance  when  compared  to  conventional  time-domam 
techniques. 

Keywords:  all-optical  network,  photonic  switching 

1.  INTRODUCTION 

Basic  technologies  for  realizing  all-optical  networking  configurations  are  rapidly  being  developed.  The  impetus 
for  such  efforts  results  from  the  ultra-high  speeds  possible  when  circumventing  traditional  electronic  technologies 
and  their  inherent  latency.  All-optical  networking  has  application  to  both  long-haul  communications  systems 
and  high-performance  computing  systems.  In  each  case,  all-optical  technologies  are  responsible  for  the  routing, 
switching  and  logic  decisions  of  the  network.  Characterizing  the  performance  of  a  network  is  a  two-fold  process. 
First  the  network  architecture  is  itself  evaluated.  This  includes  calculating  the  latency  and  scalability  of  a 
given  network  assuming  ideal  behavior  of  its  physical  components.  The  second  characterization  involves  the 
integration  of  the  physical  layer  and  its  performance  penalties.  The  physical  layer  ultimately  determines  the 
feasibility  of  data  transmission.  Thus  accurately  calculating  the  Q-factor  and  accumulated  bit-error-rate  (BER) 
is  fundamental  to  evaluating  the  optical  network  as  a  whole,  regardless  of  the  network  architecture.  This  aim  of 
this  paper  is  to  characterize  the  physical  layer  performance  of  a  given  network  architecture  known  as  the  Data 
Vortex.1"3  To  this  end,  simulation  and  modeling  are  used  to  calculate  the  cummulative  Q  and  BER  so  that  a 
comprehensive  evaluation  of  the  data  vortex  network  is  achieved. 

Physical  layer  modeling  of  all-optical  networks  is  an  important  aspect  of  characterizing  a  given  network  topol¬ 
ogy.  In  many  respects,  a  physical  layer  performance  evaluation  is  independent  of  the  methods  used  to  evaluate  a 
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given  network  architecture.  Thus,  once  a  viable  network  is  chosen  for  in-depth  study  due  to  its  high  scalability 
and  low  latency  properties,  physical  layer  modeling  provides  insight  into  the  true  behavior  of  the  network  due 
to  physical  limitations  and  penalties  of  the  all-optical  devices  and  components  responsible  for  processing  the 
flow  of  data.  Extensive  evaluations  of  optical  networks  have  been  performed  for  long-haul  transmission  systems 
for  which  large  penalties  are  incurred  in  optical  fibers.  These  penalties  are  primarily  generated  from  chromatic 
dispersion,  self-phase  and  cross-phase  modulation,  polarization  mode  dispersion,  amplified  spontaneous  emission 
(ASE)  noise,  and  periodic  attenuation  and  amplification.  Numerical  modeling  is  heavily  utilized  to  quantify 
the  penalties  arising  from  these  physical  effects  and  characterize  the  performance  of  national  and  international 
long-haul  systems.  In  contrast,  we  are  considering  the  all-optical  network  for  high-performance  computing  ap¬ 
plications.1-3  Thus  the  length  of  optical  fibers  used  is  limited  to  meters  and  the  propagation  penalties  in  the 
fiber  are  virtually  non-existent.  For  this  case,  almost  all  the  physical  layer  penalty  is  generated  by  the  network 
nodes  which  are  used  for  switching  and  routing.  The  modeling  here  will  focus  on  the  penalties  incurred  from  the 
node  only  and  will  ignore  any  propagation  penalties  since  they  are  orders  of  magnitude  smaller  over  the  meters 
of  fiber  used  for  propagating  around  the  network. 

2.  MODELING  THE  NETWORK 

The  model  to  be  described  here  is  based  upon  the  experimental  performance  of  the  node  structures  responsible 
for  switching  and  routing.  The  bulk  of  the  transmission  penalty  comes  from  the  semiconductor  optical  amplifier 
(SOA)  which  offsets  the  attenuation  of  the  propagating  optical  signal  from  the  routing,  switching  and  logic 
operations.  Thus  the  node  penalties  will  accumulate  as  data  is  propagated  through  the  Data  Vortex  structure. 
This  section  will  outline  how  the  network  architecture  is  dealt  with  along  with  calculating  the  transmission 
penalties. 

2.1.  Network  Architecture 

Although  the  analysis  here  does  not  provide  a  performance  evaluation  of  the  network  architecture,  it  is  the  ar¬ 
chitecture  which  ultimately  determines  the  mean-time  a  data  stream  propagates  in  the  network  and  accumulates 
penalties  from  the  node  structures.  The  Data  Vortex  architecture1-3  is  free  of  optical  buffers  and  enables  simple 
routing  logic  for  large  scale,  low  latency  packet  switch  fabrics.1  The  hierarchical  system  employs  a  synchronous 
timing  and  distributed  control  signaling  to  avoid  packet  contention  and  to  achieve  simplicity,  scalability,  and 
high  throughput. 

The  Data  Vortex  architecture,  illustrated  in  Fig.  1,  is  characterized  by  the  parameters  A  and  H  which 
represent  the  corresponding  nodes  lying  along  the  "angle”  and  "height”  dimension  respectively  of  the  cylindrical 
geometry.  The  number  of  cylinders,  C,  in  the  architecture  scales  as  C  =  log2(#)  +  1.  The  data  packets  are 
processed  synchronously  within  the  switch  fabric  in  a  parallel  manner.  Within  each  time  slot,  every  packet 
progresses  forward  by  one  angle  (a  —  a  +  1)  by  either  staying  on  the  same  cylinder  (solid  line,  c  =  c)  or  by 
moving  toward  an  inner  cylinder  (dashed  line,  c  =  c  +  1). 

Data  packets  are  inserted  at  nodes  on  the  outermost  cylinder  (c  =  0)  and  are  propagated  to  the  output  ports 
on  the  innermost  cylinder  (c  =  C  —  1).  The  packets  are  self-routed  and  proceed  along  the  "angle"  dimension  until 
the  appropriate  output  port  has  been  reached.  Along  with  the  data  payload,  which  is  a  collection  of  wavelength 
division  multiplexed  (WDM)  channels  each  operating  at  10  gigabits  per  second,  there  are  two  separate  channels 
for  header  information  and  timing  frame  which  are  modulated  at  a  slower  rate.  A  testbed  for  studying  the  traffic 
control  and  WDM  routing  in  the  Data  Vortex  is  presented  in  Ref..3  The  Data  Vortex  network  is  shown  to 
have  low-latency,  high  scalability,  and  requires  no  optical  buffering:  ideal  qualitites  for  all-optical  networking 
applications. 

2.2.  Node  Structure  and  Penalties 

The  nodes  of  the  optical  Data  Vortex  serve  the  purpose  of  routing  input  data  streams  towards  their  output 
destinations.  Each  routing  node  (see  Fig  2)  consists  of  two  SOAs.  The  packet  comes  from  either  North  or  West 
port.  A  small  amout  of  optical  power  («10%)  is  tapped  off  for  the  header  reading  and  routing  purpose.  Optical 
delay  lines  need  to  be  inserted  in  the  packet  path  to  compensate  for  the  delay  associated  with  tap  off  and  routing 
processor.  Since  the  header  and  frame  information  is  WDM  encoded,  simple,  fixed  band-pass  filters  are  used 
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Figure  1.  Data  Vortex  topology  with  the  parameters  ( A,  H )  =  (5, 4)  and  nodes  labeled  by  (a,  c,  h)  where  U  <  o  <  A,  U  < 
c  <  C  and  0  <  h  <  H.  The  routing  tours  are  seen  from  the  top  and  side.  Information  is  input  on  the  outermost  cylinder 
(c  =  0)  and  is  propagated  to  the  appropriate  output  port  on  the  innermost  cy linger  (c  =  C  -  1). 

to  retrieve  the  bit-per-wavelength  encoded  routing  bits.  All  the  nodes  located  on  one  cylinder  would  have  the 
same  setup  of  decoding  filters  since  they  all  process  the  same  specific  bit  wavelength.  The  routing  information 
runs  at  rather  low  packet  rates.  Therefore  it  can  be  converted  into  electronics  by  low  cost  detectors  prior  to  the 
routing  processor.  The  routing  processor  also  needs  to  examine  the  control  signal,  which  may  be  transmitted 
through  either  optical  links  or  electronic  lines  depending  on  the  implementation  choice.  The  routing  processor 
thus  output  swiching  decision  that  control  SOAs  on  or  off.  The  truth  table  for  the  routing  processor  is  simple 

and  is  included  in  Fig.  2. 

2.3.  The  SOA 

Ordinarily  utilized  as  amplifiers  in  long-haul  lightwave  systems,  SOAs  are  also  extraordinarily  useful  as  the 
active  switching  elements  within  numerous  lightwave  systems.4  Because  high  extinction  ratios  and  reasonable 
switching  times  can  be  achieved,  SOAs  are  often  utilized  in  switching  architectures. 

Fabricated  from  III-V  semiconductor  materials,  contemporary  SOAs  utilize  the  electronic  transition  from 
the  conduction  band  to  the  valence  band  as  a  radiation  source.  Population  inversion  is  achieved  through  the 
introduction  of  a  pump  current.  This  current  can  be  modulated,  effectively  turning  the  amplifier  on  and  off. 
Ideally,  the  switching  speed  is  only  limited  by  the  carrier  lifetimes.  Moreover,  the  electronic  transitions  generally 
occur  only  when  stimulated  by  incoming  radiation,  thereby  functioning  as  an  amplifying  device. 

However,  as  in  all  laser  systems,  unwanted  spontaneous  emissions  can  occur.  These  emissions  may  be  amplified 
as  they  propagate  through  the  length  is  the  devices,  and  are  often  termed  amplified  sponaneous  emissions  (ASE). 
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Figure  2.  Routing  node  structure  and  its  associated  truth  table.  Note  that  the  bulk  of  t  ransmission  penalties  are  incurred 
from  amplification  through  the  SO  As. 

Fortunately  though,  this  contribution  is  predictable  and  well-behaved:  the  noise  figure  is  additive,  accumulating 
in  the  spectrum  as  an  increase  in  the  noise  floor.8  Other  minor  nonlinear  effect  also  occur  due  to  homogeneous 
and  inhomogeneous  nonuniformities.  All  of  these  nonidealities  together  contribute  to  signal  degradation  in 
lightwave  systems  that  rely  on  SO  As  as  amplifying  or  as  switching  elements. 

3.  PHYSICAL  LAYER  NETWORK  MODELING 

Transmission  penalties  leading  to  degradation  of  the  Q-factor  and  BER  are  due  primarily  to  the  accumulated 
ASE  noise  from  the  SO  As.  Experiments  show  the  SO  As  have  two  primary  noise  contributions.  The  first  is 
the  expected  white-noise  (broadband)  contribution  from  ASE  of  the  amplification  process.  The  second  is  a 
colored  noise  component  of  a  Lorentzian  shape  centered  around  the  individual  WDM  channels.  By  incorporating 
these  two  dominant  physical  effects  into  our  penalty  model,  a  rough  guide  to  the  propagation  efficiency  can 
be  numerically  calculated.  More  sophisticated  modeling  requires  the  calculation  of  errors  due  to  other  physical 
effects  such  as  time-domain  cross-talk.  For  the  present,  only  noise  penalties  will  be  considered  as  they  are  the 
dominant  contributions  to  transmission  degradation. 

The  physical  layer  node  penalties  can  be  incorporated  into  a  network  model  by  considering  a  data  stream 
packet  propagating  from  its  input  node  to  its  output  node.  Each  data  packet  will  traverse  a  statistically  deter- 
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Figure  3.  Analytic  fit,  using  A,  B,  and  C,  to  the  experimentally  measured  noise  penalties  due  to  white-noise  and  a 
Lorentzian  contribution.  The  analytic  data  corresponds  to  (1)  where  500  realizations  have  been  averaged  over.  Three 
channels  have  been  used  in  the  experimental  fit  with  a  channel  spacing  large  enough  so  that  no  noticeable  overlap  occurs 
between  neighboring  Lorentzian  contributions. 

mined  number  of  nodes  which  is  determined  by  the  size  of  the  Data  Vortex.1’2  The  model  simply  requires  the 
mean  number  of  nodes  traversed  and  the  associated  variance  in  number  of  nodes.  The  algorithm  developed  for 
the  network  model  then  considers  a  large  number  of  WDM  data  stream  realizations  each  of  which  propagates 
through  the  network  a  statistically  determined  number  of  nodes.  The  eye  diagrams,  along  with  the  calculation 
of  Q-factor  and  RER,  are  then  determined  from  the  total  set  of  data  streams  propagated  through  the  network 
at  the  various  WDM  channels.  Thus  the  model  relies  on  accurate  qualitative  and  quantitative  accounting  for 
the  penalties  incurred  at  each  node. 

To  consider  modeling  the  noise  penalties,  a  single  WDM  channel  is  first  considered.  The  pulse  stream  profile  is 
assumed  to  be  given  by  u(t,  z)  where  in  optics  coordinates  2  gives  the  distance  propagated  and  t  gives  the  temporal 
profile  of  a  10  gigabit  per  second,  pseudo-random,  non-return-to-zero  (NRZ)  data  stream.  Fourier  transforming 
gives  the  spectral  representation  u(lo,z).  of  the  data.  The  white-noise  and  Lorentzian  noise  penalties  are  then 
incorporated  into  transmission  via 

u(w,t)+  =  u{w,  t)-+  A(r?i  +iri 2)  +  B{ r?3  +  m)  j-^  t1) 

where  ii(uj,t)±  represents  a  given  spectral  component  before  (— )  and  after  (+)  an  SOA.  Here  the  rji  are  normally 
distributed  random  variables  with  mean  zero  and  unit  variance,  the  parameter  A  determines  the  strength  of  the 
white  noise,  and  B  and  C  measure  the  strength  and  width  associated  with  the  Lorentzian  noise  contribution 
which  is  centered  at  the  WDM  frequency  w0- 

The  parameters  A,B,  and  C  are  determined  from  fitting  to  experimental  measurements.  Figure  3  depicts  a 
fit  of  these  three  parameters  to  an  experimentally  measured  input  and  output  relationship  of  an  SOA.  In  order 
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Figure  4.  Evolution  of  the  spectrum  of  five  WDM  channels  spaced  2  nm  apart  over  12  SOAs  (nodes).  The  transmission 
penalties  at  each  node  are  derived  from  (1)  with  the  parameters  fit  to  Fig.  3.  Two  hundred  realizations  have  been 
simulated. 

for  the  analytic  curve  to  be  smooth  as  depicted  in  the  figure,  2000  realizations  of  (1)  where  averaged  together 
to  produce  the  otherwise  noisy  fit.  Further,  the  output  was  normalized  to  the  same  peak  power  as  the  input  in 
order  to  preserve  the  correct  signal-to-noise  ratio. 

To  illustrate  the  penalties  incurred  from  cascading  SOAs  together,  we  consider  the  penalty  as  modeled  by 
(1)  with  the  parameters  A,  £?,  and  C  fit  according  to  Fig.  3.  As  a  specific  example,  five  WDM  channels  are 
transmitted,  each  with  a  32-bit  random  data  sequence.  It  is  assumed  that  the  only  penalties  are  those  generated 
by  the  SO  A,  i.e.  perfect  splicing  and  transmission  through  a  fiber  from  one  SO  A  to  another  SO  A  are  assumed. 
Figure  4  shows  the  spectral  evolution  of  the  WDM  channels  over  12  cascaded  SOAs.  The  simulation  is  performed 
using  the  penalties  (1)  with  the  parameters  A,  B,  and  C  derived  from  the  fit  in  Fig.  3.  It  is  clear  from  this  figure 
that  the  noise  shelf  is  increased  significantly  with  the  number  of  SOAs  (nodes)  traversed. 

A  more  formal  way  of  calculating  the  transmission  penalty  is  to  construct  the  eye  diagrams  associated 
with  Fig.  4.  The  statistics  of  the  ones  and  zeros  then  allow  for  the  calculation  of  the  Q-factor  and  BER  of 
transmission.8  Figure  5  illustrates  how  the  eye  diagram  closes  as  the  number  of  SOAs  is  cascaded.  Depending 
on  network  performance  restrictions,  the  number  of  nodes  physically  possible  for  transmission  can  be  calculated. 
For  instance,  the  cascaded  SOAs  considered  here  allow  for  the  transmission  over  five  nodes  with  a  BER  below 
10-9.  A  BER  rate  of  10"" 12  can  be  maintained  through  four  nodes  and  over  eight  nodes  can  be  cascaded  with  a 
BER  below  10-6.  Figure  6  depicts  the  drop  in  Q-factor  and  increase  in  bit-error  as  the  data  propagates  through 
the  cascaded  SOA  chain. 
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Figure  5.  Evolution  of  the  eye  diagram  for  five  WDM  channels  spaced  2  nm  apart  over  12  cascaded  SO  As  (nodes).  The 
transmission  penalties  at  each  node  are  derived  from  (1)  with  the  parameters  fit  to  Fig.  3.  Note  that  this  is  only  a  single 
realization  of  the  data  and  noise. 


4.  CONCLUSIONS  AND  DISCUSSION 

Network  characterization  can  be  accomplished  through  a  qualitative  modeling  process  which  captures  the  primary 
physical  sources  of  penalties.  Experiments  show  that  the  growth  of  ASE  noise  is  one  of  the  primary  sources  for 
generating  propagation  penalties.  The  ASE  noise  has  both  a  white-noise  component  and  Lorentzian  noise 
contribution.  By  fitting,  the  BER  and  Q-factor  can  be  calculated  for  a  data  stream  propagating  through  a  given 
network. 


Figure  6.  Q  factor  and  BER  for  five  WDM  channels  spaced  2  nm  apart  over  12  cascaded  SOAs  (nodes).  The  transmission 
penalties  at  each  node  are  derived  from  (1)  with  the  parameters  fit  to  Fig.  3.  Note  that  this  is  only  a  single  realization 
of  the  data  and  noise. 
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Additional  penalties  can  also  be  considered.  Of  most  significant  is  the  gain  recovery  and  saturation  dynamics 
in  the  SOA.  These  effects  along  with  four-wave  mixing  penalties  can  all  be  considered  within  this  qualitative 
model.  Thus  a  realistic  modeling  tool  can  be  created  which  significantly  reduces  the  computational  time  of 
evaluating  the  optical  switching  network. 

Additionally,  the  modeling  results  suggest  how  to  improve  network  performance  by  illustrating  the  significant 
level  of  penalties  incurred  by  various  physical  effects.  Recently,  several  improvements  have  been  made  to  greatly 
improve  the  number  of  hops  achievable  in  the  optical  network  architecture. 
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ABSTRACT 

We  report  on  wavelength-division-multiplexing  (WDM)  based  on  lithographically-fabricated  slab- 
waveguide-contained  planar  holographic  Bragg  reflectors  (HBRs).  Partial  HBR  diffractive  contour  writing 
and  contour  displacement  are  successfully  demonstrated  to  enable  precise  bandpass  engineering  of 
multiplexer  transfer  functions  and  make  possible  compact-footprint  devices  based  on  hologram  overlay. 
Four  and  eight  channel  multiplexers  with  channel  spacings  of  -  50  and  -100  GHz,  improved  sidelobe 
suppression  and  flat-top  passbands  are  demonstrated.  When  a  second-order  apodization  effect,  comprising 
effective  waveguide  refractive  index  variation  with  written  contour  fraction,  and  the  impact  of  hologram 
overlap  on  the  hologram  reflective  amplitude  are  included  in  the  simulation,  excellent  agreement  between 
predicted  and  observed  spectral  passband  profiles  is  obtained.  With  demonstrated  simulation  capability, 
the  ability  to  fabricate  general  desired  passband  profiles  becomes  tractable. 

Keywords:  Integrated  Optics.  Photonic  Crystals,  Fiber  Optics,  Distributed  Bragg  Reflector,  Planar 
Lightwave  Circuit,  Photonic  Bandgap,  Apodization,  Lithography,  Silica-on-Silicon,  Holography, 
Wavelength  Division  Multiplexing. 


1.  INTRODUCTION 

Planar  holographic  Bragg  reflectors  (HBRs)  [1-4]  are  two-dimensional  lithographically-scribed 
volume  holograms  contained  within  a  planar  slab  waveguide.  In  the  slab  waveguide,  optical  signals  are  free 
to  propagate  without  constraints  in  two  dimensions  -  a  geometry  that  enables  2D  Bragg  structures  to 
provide  powerful  spectral  and  spatial  holographic  functions.  A  single  HBR  can  simultaneously  spatially 
image  an  input  signal  to  an  output  port  (or  from  one  point  within  an  integrated  photonic  circuit  to  another) 
while  at  the  same  time  providing  spectral  filtering  of  the  signal.  Unlike  fiber  and  channel-waveguide 
gratings,  where  separation  of  the  counter-propagating  input  and  output  signals  typically  requires  additional 
elements,  planar  HBRs  provide  spatially  distinct  and  thus  easily  accessed  outputs.  HBRs  constitute  the 
building  blocks  of  unique  integrated  photonic  circuits  that  operate  entirely  without  wire-analog  channel 
waveguides,  being  based  on  HBR-mediated  signal  transport  where  signals  fieely  overlap  as  they  are 
imaged  from  active  element  to  active  element.  The  HBR  approach  marries  the  powet  of  free-space  optics 
and  volume  holography  with  a  fully  integrated  environment.  The  powerful  volume-holographic  function 
provided  by  HBR  structures  provides,  via  computer-generated  complex-shaped  diffractive  contours,  fully- 
optimized  spatial  mapping  of  an  arbitrary  complex  input  field  wavefront  to  an  output  field  mode  tailored  to 
match  the  chosen  output  means.  This  broad  in-plane  spatial  wavefront  transformation  capability  contrasts 
with  previously  discussed  2D  distributed  Bragg  reflectors  intended  for  out-of-plane  applications  such  as 
laser  feedback  and  outcoupling  [5-7]  and  free-space  to  slab-waveguide  beam  coupling  [8,9].  HBR  spatial 
wavefront  transformation,  due  to  its  holographic  nature,  is  generally  more  powerful  than  that  provided  by 
simple  conic  section  DBRs  [10],  whose  focusing  power  degrades  when  input  and  output  optics  deviate 
from  the  point  source  limit. 
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Recently  [3],  we  demonstrated  that  photolithographic  fabrication  of  HBRs  in  silica-on-silicon  allows 
the  highly  accurate  placement  of  constituent  diffractive  contours  as  evidenced  by  fabrication  of  fully 
coherent  centimeter-scale  planar  holographic  structures.  Additionally,  a  robust  and  fabrication-friendly 
method  to  control  the  reflective  amplitude  of  diffractive  element  contours  via  partial  writing  of  the  latter 
was  presented  [4].  Together,  precise  feature  placement  and  partial  contour  writing  provide  control  over  the 
phase  and  amplitude  of  diffractive  elements  on  an  individual  line  basis.  This  is  enabling  to  2D  Bragg 
reflector  design  for  two  reasons.  Spectrally ,  it  offers  a  pathway  to  unprecedented  precision  and  flexibility  in 
the  design  of  HBR  transfer  functions  via  the  tailoring  of  the  diffractive  element  arrangement.  Spatially , 
partial  contour  writing  and  displacement  allows  the  overlay  of  several  planar  holograms  on  the  same 
substrate  -  thus  making  it  possible  to  design  high-resolution  (de)multiplexing  devices  for  multi-wavelength 
signals  with  very  compact  footprint.  In  the  present  paper,  we  demonstrate,  for  the  first  time,  the  application 
of  these  concepts  to  the  spectral  (bandpass)  and  spatial  engineering  of  multiplexing  devices  based  on 
holographic  Bragg  reflectors.  We  furthermore  identify  an  important  coupling  between  partial  contour 
writing  and  the  effective  waveguide  index  that  must  be  accounted  for  when  using  amplitude  apodization 
based  on  fractional  contour  writing. 


2.  RESULTS  AND  DISCUSSION 

Figure  1  is  a  schematic  of  a  simple  four-channel  HBR  device  fabricated  to  explore  the  general 
potential  of  the  HBR  approach  for  spectral  multiplexing  and  to  characterize  basic  device  performance.  The 
top  view  of  Figure  la  illustrates  the  device  operational  principle.  An  input  signal  is  coupled  into  the  planar 
device  via  an  input  channel  waveguide  (IN)  from  whose  endpoint  the  input  beam  expands  into  a  slab 
region.  Through  interaction  with  the  multiplexer  sections  in  the  slab  region  the  input  signal  is  spectrally 
filtered  and  spatially  directed  to  one  of  the  four  wavelength-specific  outputs.  The  HBR  multiplexer  consists 
of  four  stacked,  5-mm-long  holographic  Bragg  gratings  whose  vacuum  resonance  wavelengths.  A.!  through 
X-4,  increase  with  distance  from  the  input  port  in  increments  of  -0.35  nm,  corresponding  to  about  50  GHz. 
The  precise  multiplexer  channel  spacings  and  center  wavelengths  depend  on  the  core  thickness  and 
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Figure  1.  Four-channel  wavelength-division  multiplexer  based  on  planar  holographic  Bragg  reflectors,  la.  Cross- 
sectional  view;  lb.  Top  view. 
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refractive  index  of  the  specific  waveguide  in  which  the  device  is  lithographically  realized.  Consistent  with 
our  objective  to  first  examine  basic  device  operation  and  performance  no  apodization  was  applied  to  the 
grating  sections  in  this  initial  design.  The  multiplexer's  wavelength-to-output  port  assignment  follows  the 
layout  shown  in  Figure  la.  The  HBR  diffractive  contours,  represented  in  Figure  la  by  thin  solid  lines,  can 
be  designed  individually  to  match  the  back-diffracted  input  field  to  the  output  port.  For  the  devices 
described  here,  the  diffractive  contours  were  not  optimized  to  provide  maximal  output  coupling.  In  these 
early  stage  devices,  contours  are  configured  as  circular  arcs  concentric  about  the  point  midway  between  the 
end  of  the  input  channel  waveguide  and  the  beginning  of  the  corresponding  output  channel  waveguide. 
Fully  optimized  holographic  contours  will  improve  input-output  coupling  by  more  effectively  coupling  to 
the  mode  of  the  output  waveguide. 

Figure  lb  is  a  partial  device  cross  section.  The  multiplexers  discussed  here  are  based  on  silica-on- 
silicon  slab  waveguides  that  consist  of  a  central  silica  core  with  thickness  d  =  2  pm  or  4  pm  and  bilateral 
15-pm-thick  cladding  layers.  For  all  the  devices,  the  waveguide  core  exhibits  a  +  0.8  %  index  contrast  with 
respect  to  its  claddings.  Also  depicted  at  the  upper  core-cladding  interface  are  cross-sections  of 
representative  lithographically-scribed  grating  diffractive  contours.  The  diffi  active  contours,  with  depth 
-450  nm.  for  all  devices,  consist  of  trenches  etched  into  the  core  and  filled  with  cladding  material.  All 
gratings  operate  in  first  order  with  a  contour  spacing,  A,  of  about  500  nm,  i.e.  one  half  of  the  in-medium 
wavelength  of  resonant  light.  In  the  schematic  cross-section  of  Figure  lb  light  enters  the  device  from  the 
left  side  and  is  coherently  backscattered  to  the  left  by  the  diffractive  elements. 

The  multiplexer's  input-output  channel  waveguide  manifold  (Figure  la)  exhibits  an  interchannel 
spacing  of  30  pm  at  the  input  side  to  the  HBR  slab  region.  Here,  all  waveguides  have  a  design  width  of 
12.7  pm,  adiabatically  increased  from  6  pm  at  the  die  edge  via  a  1  mm-long  taper.  The  output  waveguides 
are  angled  with  respect  to  the  input  waveguide.  The  angle  of  a  given  output  waveguide  is  given  by 
0.1575°/(30  pm)  x  1,  where  1  is  the  distance  (in  microns)  between  the  end  point  of  the  input  guide  and  the 
given  output  guide.  The  radius  of  the  HBR's  diffractive  arc  closest  to  the  center  of  curvature  is  3.5  mm.  All 
devices  discussed  here  occupy  die  areas  of  only  about  1.7  cnr  including  access  channel  waveguides.  All 
multiplexers  reported  on  in  this  paper  were  fabricated  from  a  laser-written  reticle  employing  a  DUV  optical 
stepper  and  standard  etching,  deposition,  and  annealing  processes. 

Figure  2a  depicts  the  designed  spectral  transfer  functions  of  the  four  multiplexer  channels  (band  pass 
profiles).  The  transfer  functions  are  calculated  from  the  spatial  design  data  using  an  extensive  Fresnel- 
Huygens  diffraction  calculation  and  assuming  weak  overall  device  reflectivity.  The  relatively  high  adjacent 
side  "lobes  in  the  design  spectral  transfer  functions  are  a  direct  consequence  of  the  fact  that  this  initial 
multiplexer  design  employs  grating  structures  that  are  unapodized.  The  adjacent  sidelobe  suppression  seen 
is  essentially  dictated  by  Fourier  transform  theory.  For  comparison,  the  transform-limited  sidelobe 
suppression  provided  by  a  uniform  grating  is  shown  by  the  two  bars  on  the  right  side  of  Figure  2a.  In 
multiplexer  designs  discussed  below,  grating  apodization  is  demonstrated  to  significantly  improve  sidelobe 
suppression.  Figure  2b  shows  the  measured  spectral  transfer  functions  of  the  four  multiplexer  output 
channels  of  the  fabricated  multiplexer  for  TE-polarized  input  light.  The  device  was  realized  in  a  slab 
waveguide  with  d  =  4  pm.  The  results  shown  in  Figure  2b  comprise  the  first  successful  implementation  of  a 
photolithographically-written  HBR-based  device  for  spectral  multiplexing  and  indicates  an  excellent 
coherent  realization  of  the  design  structure.  The  average  insertion  loss,  measured  through  coupled  fibers, 
was  found  to  be  about  -3  dB  which  implies  a  HBR  insertion  loss  of  about  -2  dB.  Measured  channel 
bandpass  functions  are  broadened  and  adjacent  sidelobes  are  stronger  than  seen  in  the  simulation  -  as 
expected  at  the  achieved  reflectivity  levels.  The  longer  wavelength  channels  (k2  -  'G)  are  seen  to  exhibit 
passband  shapes  slightly  different  from  the  -channel.  These  are  believed  to  arise  from  input  depletion 
caused  by  signal  travel  through  spatially  preceding  and  partially  resonant  grating  structures.  Grating 
designs  incorporating  appropriate  apodization  acting  to  remove  sidelobes  of  preceding  gratings  that  are 
spectrally  coincident  with  primary  bandpasses  of  subsequent  ones  are  expected  to  provide  mitigation  of  this 
effect. 

An  inherent  advantage  of  the  HBR  technology  is  its  capability  to  address  multiplexing  needs  in  a  broad 
range  of  networks,  including  those  based  on  hyperfine,  dense,  and  coarse  WDM.  Specifically,  the  approach 
provides  for  both  the  ability  to  implement  almost  arbitrary  channel  spacings  (both  uniform  and  non- 
uniform)  as  well  as  channel  passbands  that  may  be  tailored  to  a  very  high  degree.  To  demonstrate  these 
properties  we  have  fabricated  an  eight-channel  HBR  multiplexer  with  a  channel  spacing  about  twice  that  of 
the  previous  device  (i.e.,  about  100  GHz)  wherein  channel  transfer  functions  aie  designed  to  exhibit 
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Figure  2.  Four-channel  multiplexer  spectral  throughput.  2a,  simulated  throughput;  2b,  Measured  response  (for  TE- 
polarization).  The  arrow  indicates  the  transform- limited  sidelobe  suppression  provided  by  a  uniform  (unapodized) 
ID  grating. 
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Figure  3.  3a,  Schematic  top  view  of  eight-channel  HBR-based  multiplexer;  3b,  Apodization  profiles  for  odd  (?ij) 
and  even  (k2)  multiplexer  channels. 
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improved  adjacent  sidelobe  suppression  compared  to  Figure  2.  The  device  layout  is  shown  in  Figure  3a. 

The  multiplexer  consists  of  eight  stacked.  2.5-mm-long  apodized  holographic  Bragg  gratings.  Again, 
the  individual  channel-gratings  were  spatially  ordered  so  that  their  resonance  wavelength  increased  with 
distance  from  the  device  input  side.  For  the  8-channel  multiplexer  of  Figure  3a.  d  =  4  pm.  Engineering  of 
the  multiplexer's  bandpass  employs  the  fact  that  the  grating  spectral  transfer  function  is  determined  by  the 
detailed  contour  spacing  and  relative  reflective  amplitude  of  the  diffractive  contours  as  a  function  of 
position  along  the  input  direction.  Specifically,  in  the  limit  of  weak  device  reflectivity,  the  tiansfer  function 
is  proportional  to  the  spatial  Fourier  transform  of  the  amplitude  distribution  of  diffracted  light  along  that 
direction  [1].  In  the  devices  of  concern  here,  diffractive  contour  amplitude  and  phase  apodization  is 
achieved  via  partial  contour  writing  and  positional  displacements,  respectively  [4],  Two  different, 
amplitude-only  adpodization  profiles,  shown  in  Figure  3b,  and  based  on  the  partial-fill  method  were 
employed  in  the  device  of  Figure  3a.  All  gratings  with  an  even  (odd)  channel  number  are  designed  with  the 
apodization  function  used  for  the  /.  i -  (A.i)  channel.  All  parameters  of  the  access  waveguide  manifold  of  the 
device  shown  in  Figure  3a  are  the  same  as  for  the  device  of  Figure  la. 

Figure  4a  depicts  the  designed  spectral  transfer  function  of  the  eight  multiplexer  channels.  Note  the 
improved  suppression  (>  20dB)  of  sidelobes  immediately  adjacent  to  the  main  channel  passband  compared 
to  that  evident  in  the  designed  bandpass  of  the  unapodized  four-channel  device  of  Figure  2a.  Figure  4b 
gives  the  measured  spectral  transfer  function  of  the  eight  channels  of  the  fabricated  device  for  TE-polarized 
input  light.  Agreement  between  measured  and  designed  performance  is  good  except  for  the  unexpectedly 
high  side  lobes  on  the  long  wavelength  side  of  each  primary  passband.  The  device  average  intrinsic 
insertion  loss  (due  to  weak  reflection)  was  found  to  be  about  -7  dB.  The  long- wavelength  sidelobes  in  the 
measured  multiplexer  response  are  found  to  arise  from  a  second-order  apodization  effect,  detailed  below, 
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Figure  4.  Eight-channel  multiplexer  spectral  throughput  (core  thickness  d  =  4  pm).  4a.  Multiplexer  design  spectral 
transfer  function,  simulated  with  constant  refractive  index;  4b,  Measured  spectral  response  (for  TE-polarization). 
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that  was  unaccounted  for  in  the  device  designs.  The  second-order  effect  comprises  an  effective 
refractive  index  variation  inadvertently  introduced  by  using  partial  contour  fill  to  effect  amplitude 
apodization.  Note  that  the  spectral  transfer  functions  of  the  channels  to  the  very  left  (k{)  and  right  (18)  in 
Figure  4b  are  seen  to  exhibit  slightly  higher  insertion  losses  and  broader  bandpasses  than  all  other  channels 
of  the  same  respective  apodization  function.  This  effect  was  caused  by  a  photolithographic  fabrication  error 
wherein  10%  (20%)  of  the  originally  designed  length  of  the  Xr  (A.g)  grating  was  not  written. 

In  the  present  multiplexer  design,  apodization  of  the  reflective  amplitude  of  HBR  diffractive  contours 
is  achieved  through  partial  contour  writing  [4].  Nominally  continuous  diffractive  contours  are  written 
fractionally,  with  the  written  contour  fraction  determining  the  contour's  reflective  amplitude.  Contour 
writing  occurs  through  etching  (and  filling  with  cladding  material)  of  trenches  into  the  core.  Variations  in 
the  written  trench  fraction  due  to  amplitude  apodization  lead  to  differences  in  waveguide  morphology  that 
cause  variations  in  the  slab  waveguide  effective  refractive  index  and  consequently  the  Bragg  resonance 
condition.  Measurements  performed  on  various  test  grating  structures,  each  having  diffractive  contours  of 
fixed  written  fraction,  show  a  small  and  approximately  linear  variation  of  effective  waveguide  refractive 
index  with  written  trench  fraction.  The  fractional  effective  index  difference  between  a  waveguide  without  a 
grating  and  one  with  a  Bragg  reflector  employing  fully  written,  first-order  trenches  was  found  to  be  -  2  x 
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Figure  5.  Detail  of  the  passband  function  for  the  second  multiplexer  channel  (X2).  5  a,  Simulated  throughput, 
calculated  with  constant  effective  index;  5b,  Measured  throughput  (for  TE-polarization);  5c,  Simulated  throughput, 
calculated  with  account  for  apodization-induced  effective  index  changes. 
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10'4  with  slab  waveguide  core  thickness  cl  =  4  pm  and  -450  nm  deep  diffractive  trenches. 

In  Figure  5  we  explore  the  impact  of  the  apodization-induced  resonance  shifts  on  the  multiplexer 
spectral  transfer  function.  Figure  5a  is  a  blow  up  of  the  original  design  passband  function  for  the  second 
multiplexer  channel  (X2)  calculated  with  constant  effective  slab  waveguide  refractive  index.  Figure  5b 
shows  the  detailed  measured  spectral  response  for  the  same  channel.  Figure  5c  shows  the  passband  profile 
simulated  including  the  effect  of  measured  apodization-induced  effective  refractive  index  changes.  A 
comparison  of  Figures  5b  and  5c  shows  that  the  simulation  now  clearly  reproduces  all  features  of  the 
fabricated  device.  The  center  wavelengths  of  the  simulations  (Figure  5a  and  5c)  were  adjusted  to  coincide 
with  the  measured  center  wavelength  (Fig  5b)  to  facilitate  comparison. 

Lithographically-enabled  partial  writing  (amplitude  apodization)  and  displacement  (phase  shifts) 
of  contours  not  only  makes  possible  the  precise  bandpass  engineering  of  multiplexer  spectral  transfer 
functions  but  also  enables  the  overlay  of  planar  holograms  [1]  on  the  same  substrate  providing  for  very 
compact  footprint  devices.  We  apply  this  concept  to  the  design  of  a  4-channel  -100  GHz  channel-spacing 
HBR-based  multiplexer  with  designed  flat-top  channel  passbands.  Figure  6a  is  a  top  view  schematic  of  an 
overlain  HBR  device.  The  device  comprises  apodized  individual-channel  HBRs  that  are  staggered  along 
the  input  beam  direction  but  are  heavily  overlapping  as  well.  Each  hologram  is  realized  with  a  maximum 
written  trench  fraction  of  0.65  which  ensures  that  the  aggregate  (summed  over  all  holograms)  written 
trench  fraction  at  any  given  position  in  the  multiplexer  does  not  exceed  unity  significantly  (<  1.1).  The 
multiplexer  is  based  on  a  2-pm  thick  slab  waveguide.  Parameters  of  the  input/output  waveguide  manifold 
are  the  same  as  for  the  device  of  Figure  1.  Figure  6b  depicts  the  apodization  profile  of  the  Xt  -  channel. 
Negative  portions  in  the  apodization  function  correspond  to  n  phase  shifts  of  the  reflected  field  and  were 
realized  by  spatially  offsetting  the  diffractive  contours  of  the  corresponding  grating  sections  by  X/4  spatial 
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Figure  6.  6a,  Schematic  top  view  of  four-channel  flat-top  HBR-based  multiplexer  based  on  overlaid  planar 
holograms;  6b,  Apodization  profile  for  leftmost  (?i|)  multiplexer  channel. 
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shifts  with  respect  to  the  positive  grating  sections. 

Figure  7a  (7b)  depicts  the  simulated  (measured)  spectral  transfer  functions  of  the  various  multiplexer 
channels  for  TE-polarized  input  light.  The  measured  passbands  clearly  show  the  designed  flat  passband  and 
channel  spacing.  The  multiplexer's  adjacent  channel  isolation  exceeds  -22  dB.  This  is  excellent  for  a  first 
iteration  design.  The  absolute  multiplexer  insertion  loss  through  coupled  fibers  was  about  -6  dB  implying  a 
-5  dB  device  intrinsic  loss,  primarily  caused  by  low  device  reflection.  Discrepancies  between  measured  and 
designed  channel  transfer  functions  such  as  the  long-wavelength  shoulder  of  the  measurement  arise 
principally  from  two  factors.  First,  apodization-induced  effective  index  changes  are  not  compensated  for  in 
the  present  multiplexer  design.  Second,  in  designing  the  device,  the  various  individual-channel  HBRs  were 
overlaid  without  taking  detailed  precaution  to  avoid  overlap  of  diffractive  contours  belonging  to  different 
holograms.  Due  to  the  present  constant-etch-depth  multiplexer  layout,  the  overall  device  reflective  strength 
at  a  given  position  is  not  a  linear  sum  of  all  contributing  diffractive  contours  at  that  location.  Rather, 
portions  of  a  given  hologram  that  coincide  with  diffractive  contours  of  a  different  grating  exhibit  a 
reflective  amplitude  that  is  reduced  from  its  design  value.  Consequently,  the  actual  apodization  of  a  planar 
hologram  is  altered  from  the  original  design  value  through  two  position-dependent  effects,  i.e.  (1) 
variations  in  slab  waveguide  effective  refractive  index  and  (2)  variations  in  expected  reflective  amplitude. 
Both  effects  must  be  accounted  for  to  correctly  predict  the  bandpass  function  of  the  fabricated  multiplexers. 
Consideration  of  these  same  effects  at  the  design  stage  allows  for  precisely  crafted  bandpass  engineering. 

Figure  8  explores  the  impact  of  the  above  described  phenomena  on  the  spectral  transfer  function  of  the 
X[  multiplexer  channel.  Figure  8a  is  a  blow  up  of  the  original  design  passband  function  calculated  with 
constant  effective  index  and  without  account  for  the  reduction  of  reflective  amplitude  caused  by  hologram 
overlap.  Figure  8b  shows  the  detailed  measured  TE-polarized  spectral  response  for  the  same  channel. 
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Figure  7.  7a,  Multiplexer  spectral  transfer  function  simulated  with  constant  effective  index;  7b,  Measured 
multiplexer  spectral  transfer  function  (for  TE-polarization). 
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Figure  8c  shows  the  passband  profile  simulated  with  both  the  spatially  varying  effective  refractive  index 
and  reflective  amplitude  changes  accounted  for  as  described  below. 

The  apodization  and  overlap  effects  lead  to  a  position-dependent  effective  waveguide  refractive  index 
which  we  model  as 

nejf^f  )  =  n0^  1-6x10  ^(l -/?(/*))» 

where  R(r)  is  the  unetched  (no  written  trenches)  fraction  of  slab  waveguide  at  each  position,  r,  within  the 
device  and  nQ  is  the  effective  index  of  the  slab  waveguide  in  the  absence  the  HBR  contours.  R(r)  was 
calculated  according  to 


N 

/?('•)  =  R[(l-o,  x  G,  (/-)), 

where  G ,  (r)  is  the  written  diffractive  contour  fraction  of  the  ith  planar  grating  at  position  r  and  a,  is  its 
duty  cycle.  The  summation  inns  over  all  HBRs  written.  In  the  present  multiplexer  design  all  gratings 

operate  in  the  first  grating  order,  thus  a,  =  0.5  for  i  =  1,. . .,  N. 

The  reflective  amplitude  of  the  jth  planar  hologram  as  modified  by  grating  superimposition  is  written 


Aj (r)  =  Aj(r)  (1- a,  x  G, (r)), 

/'=!./>  j 

where  Aj'(r)  is  the  apodization  function  that  pertains  in  the  absence  of  overlap.  The  sum  runs  over  all  HBRs 
except  for  the  jth.  As  comparison  of  Figures  8b  and  8c  shows  the  simulation  now  clearly  reproduces  all 
features  of  the  fabricated  device.  The  simulated  passbands  shown  in  Figure  8  were  adjusted  to  exhibit 
coincident  center  wavelengths  to  facilitate  straight-forward  profile  comparison.  Overall,  the  results  shown 
in  Figure  7  and  8  demonstrate  both  the  feasibility  of  spectral  passband  engineering  and  the  ability  to 
construct  devices  based  on  overlaid  HBRs. 

The  agreement  between  the  simulation  of  Fig.  8c  and  the  measured  bandpass  spectrum  of  Fig.  8b  is 
quite  excellent.  It  is  apparent  from  this  agreement  that  the  photolithographic  fabrication  method  employed 
reproduced  the  design  set  of  grating  elements  with  great  precision.  The  multiplexers  studied  here  were 
designed  without  consideration  of  the  effective  refractive  index  variation  with  amplitude  apodization  and 
the  impact  of  hologram  overlay  on  reflective  amplitude.  Multiplexer  designs  can  be  simply  corrected  for 
the  effect  of  apodization-induced  effective  refractive  index  changes  by  scaling  the  separation  between 
grating  lines  to  keep  optical  path  distances  constant.  Overlay-induced  reflective  amplitude  reduction  may 
be  avoided  by  employing  higher  grating  orders  or  lower  peak  fill  fractions  and  implementing  a  design 
algorithm  wherein  spatially  overlapping  contour  elements  are  displaced  to  avoid  overlap.  Alternatively, 
overlap  effects  may  simply  be  added  to  the  design  algorithm.  It  should  be  noted  that  the  HBR  overlap 
multiplicity  is  constrained  by  the  required  reflective  strength.  For  fixed  diffractive  contour  index  contrast 
and  waveguide  dimensional  parameters  the  net  reflective  strength  per  unit  surface  area  is  subject  to 
constraints.  Evaluation  of  the  details  of  these  constraints  is  beyond  the  scope  of  the  present  work,  but  it 
appears  that  overlay  has  advantages  over  spatial  stacking  when,  for  example,  spectral  resolution 
necessitates  structures  that  extend  spatially  beyond  the  device  length  required  to  obtain  adequate 
reflectivity.  In  this  case,  overlay  of  spatially  extended  but  locally  weakly  reflecting  (low  partial  fill) 
structures  can  provide  a  pathway  to  high-resolution  multiplexers  in  an  overall  footpiint  that  is  smaller  than 
that  necessitated  by  spatially  separated  HBR  structures. 

The  measurements  shown  in  this  work  employ  TE-polarized  input  signals.  For  TM-input  polarization, 
the  grating  bandpass  functions  were  observed  to  shift  by  approximately  +0.65  nm  (+0.72  nm)  for  devices 
with  a  core  thickness  d  =  2  pm  (d  =  4  pm).  Measurements  of  other  HBR  devices  have  indicated  that 
polarization-dependent  wavelength  shifts  originate  from  residual  slab  wave  guide  birefringence  [3].  No 
(about  0.3  dB  of)  polarization-dependent  loss  (PDL)  was  measured  for  multiplexers  implemented  in  the  4- 
pm  (2-prn)  thick  slab  waveguides.  For  d  =  2  pm,  the  observed  PDL  is  consistent  with  magnitudes  expected 
to  arise  from  access  channel  waveguides,  either  through  propagation  loss  or  fiber-to-waveguide  coupling. 
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Figure  8.  Blow-up  of  the  leftmost  multiplexer  channel.  8a,  Constant  effective  index  simulation;  8b,  Measured 
passband;  8c,  Multiplexer  throughput  calculated  including  apodization-induced  effective  index  variations  and 
reflective  amplitude  reduction  due  to  hologram  overlay. 

This  was  corroborated  by  independent  measurement  of  the  latter.  In  the  limit  of  strong  grating  reflectivity, 
the  reflective  bandwidth  ratio  for  TE  and  TM  polarization,  y,  is  directly  proportional  to  that  of  the  TE  and 
TM  amplitude  reflection  coefficients  and  can  be  used  to  estimate  the  latter.  From  test  results  for  d  =  2,  we 
find  y  =  1.018.  Based  on  this  value  we  estimate  the  weak-reflectivity  (  R  ~  10%)  PDL  inherent  to  the  HBR 
to  be  about  0.15  dB  and  correspondingly  less  for  more  strongly  reflecting  devices  as  is  the  case  with  the 
muliplexers  reported  on  here. 

As  constructed,  the  present  HBR-based  multiplexers  operate  at  low  to  moderate  reflectivity.  Detailed 
calculations,  to  be  presented  elsewhere  [11],  indicate  that  achievable  alterations  in  diffractive  structure 
geometry  and  refractive-index  contrast  will  lead  to  HBRs  of  centimeter-scale  having  strong  reflectivity  and 
thus  low  insertion  loss  over  an  aggregate  bandwidth  as  large  as  several  hundred  nanometers,  i.e.  broad 
enough  to  support  a  16-channel  CWDM  multiplexer  with  13-nm-wide  flat-top  passbands.  Furthermore,  a 
wide  range  of  HBR  internal  designs  is  possible  providing  even  broader  reflection  bands  and  fully  consistent 
with  low  loss  at  the  fiber-to-die  interface.  It  appears  entirely  feasible  to  integrate  much  of  the  functionality 
currently  attributed  to  discrete-component  based  thin-film  filters  into  the  fully  integrated  environment.  We 
note  also  that  waveguide-sampled  HBR  structures  [4]  offer  a  pathway  to  mitigation  of  polarization 
dependent  wavelength  shifts. 
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III.  CONCLUSIONS 


In  summary,  we  have  demonstrated  the  viability  of  planar  holographic  Bragg  reflectors  as 
powerful  building  blocks  for  wavelength-division  multiplexers.  Our  present  results  demonstrate,  for  the 
first  time,  1)  the  application  of  the  simultaneous  spectral  and  spatial  processing  capability  of 
photolithographically-written  HBR  structures  to  spectral  multiplexing,  2),  the  successful  bandpass 
engineering  of  HBR-based  multiplexers  via  fractional  writing  and  positional  displacements  of  constituent 
diffractive  contours  and  3),  the  spatial  overlay  of  multiple  HBR  structures  to  create  high  resolution 
multiport  integrated  photonic  devices  of  compact  footprint.  From  a  more  general  point  of  view,  the 
powerful  spectral  and  spatial  beam  control  inherent  to  the  planar  volume-holographic  approach  offers  the 
possibility  of  channel-waveguide-free  integrated  photonic  circuits  wherein  signal  routing  and  processing 
occurs  entirely  through  interaction  with  distributed  diffractive  structures  like  the  HBR.  Furthermore,  as 
planar  surface-relief  structures,  HBRs  promise  consistency  with  low-cost,  mass-production,  nanoreplication 
techniques  such  as  hot  embossing  or  nanoimprint  lithography.  In  embossed/stamped  formats,  HBR  s 
present  an  economic  route  to  volume  production  of  high  performance  optical  communications  components 
for  datacom  and  access  networks. 
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ABSTRACT 

Anti-competition  of  laser  modes  is  observed  in  dual-wavelength  semiconductor  lasers  with  single  gain  medium.  Under 
anti-competition,  the  increase  of  intensity  of  one  lasing  mode  could  enhance  the  intensity  of  another  mode,  which  is 
opposite  to  the  usual  mode  competition.  In  our  experiment,  anti-competition  can  be  observed  for  wavelength  separation 
larger  than  1 1 1  nm,  and  gradually  disappears  for  wavelength  separation  less  than  100  nm.  Besides,  anti-competition  can 
also  be  influenced  by  the  intensity  and  the  wavelength  position  of  both  modes.  A  simple  theoretical  analysis  shows  that 
anti-competition  is  due  to  the  physics  similar  to  optical  pumping. 

Keywords:  mode  competition,  anti-competition,  two-mode  semiconductor  laser,  nonidentical  multiple  quantum  wells, 
broadband  semiconductor  optical  amplifier. 


1.  INTRODUCTION 

Mode  competition  is  a  well-known  phenomenon  in  lasers.  Soon  after  the  invention  of  lasers,  competition  of  laser  modes 
has  been  observed  and  analyzed  [1].  In  a  multi-mode  laser  system,  different  modes  will  in  general  have  different  gains, 
losses  and  saturation  parameters,  and  will  compete  for  the  available  population  inversion  in  the  laser.  Since  the  total 
gain  of  a  laser  system  is  constant  under  fixed  external  pumping  level,  oscillation  in  one  mode  will  generally  reduce  the 
gain  available  for  another  mode,  and  in  some  situations  may  suppress  the  other  mode  entirely  [2].  Under  strong  coupling 
condition,  competition  can  lead  to  bistability  of  the  two  lasing  modes  [3],  which  has  been  analyzed  through  perturbation 
stability  analysis  [2].  Competition  can  also  lead  to  tristability  [4,  5]  and  even  chaotic  behaviors  [6,  7].  Those  phenomena 
are  found  useful  for  optical  switching,  optical  logic,  data  encryption  [8,  9],  and  so  on.  Competition  dynamics  is  also  an 
important  phenomenon  in  injection  locking  [10],  mode  locking  [11-13],  and  cross  gain  modulation  in  optical  amplifiers 
[14].  For  many  years,  the  appearance  of  competition  has  been  taken  for  granted  among  laser  modes,  and  is  thought  to  be 
inevitable.  However,  we  have  discovered  a  behavior  opposite  to  competition  between  lasing  modes.  That  is,  the  increase 
of  the  oscillation  intensity  in  one  lasing  mode  was  found  to  enhance  the  intensity  of  another  mode.  This  behavior  is  what 
we  called  anti-competition  of  laser  modes. 

In  this  work,  we  will  demonstrate  that  anti-competition  can  be  observed  at  wavelength  separation  larger  than  1 1 1 
nm.  Besides,  the  larger  the  wavelength  separation  is,  the  more  apparent  anti-competition  can  be  observed.  Some  other 
influential  factors  of  anti-competition  will  also  be  demonstrated,  including  the  intensity  and  the  wavelength  position  of 
the  two  oscillating  modes.  A  simple  theoretical  analysis  will  be  given,  which  shows  that  anti-competition  is  due  to  the 
physics  similar  to  optical  pumping. 


2.  EXPERIMENT 


2.1  Broadband  gain  medium  design 

Since  anti-competition  can  be  observed  only  when  the  WS  is  larger  than  1 1 1  nm,  a  broadband  laser  gain  medium  is 
necessary.  Quantum-well  (QW)  engineering  is  a  convenient,  widely  used  approach  to  broaden  the  bandwidth  of 
semiconductor  superluminescent  diodes  (SLDs).  This  scheme  includes  using  a  single  QW  with  simultaneous  transitions 
of  n  =  1  and  n  =  2  states  [15,16],  and  using  nonidentical  QWs  [17-20].  Because  the  simultaneous  transitions  of  n  =  1  and 
n  =  2  energy  states  in  identical  QWs  rely  strongly  on  the  device  lengths  [15,16],  nonidentical  multiple  quantum  wells 
(MQWs)  were  recently  been  widely  used  for  broadband  purposes. 
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Fig.  1.  Designed  QW  structure. 


However,  theoretically  analysis  has  predicted  that  carrier  distribution  among  the  MQWs  is  nonuniform  [17,  18]. 
Experimental  evidence  of  this  phenomenon  was  also  indirectly  obtained  from  the  characteristics  of  laser  diodes  [19, 20]. 
Nonuniform  carrier  distribution  means  that  each  QW  of  the  MQW  structure  accumulates  a  different  number  of  carriers, 
so  their  corresponding  emission  intensities  are  not  equal.  Thus,  the  overlap  of  the  individual  spectrum  from  each  type  of 
QW,  weighed  by  its  corresponding  emission  intensity,  does  not  directly  result  in  a  broadband  spectrum.  Investigation  on 
the  influential  factors  of  the  nonuniform  carrier  distribution  in  order  to  achieve  broadband  characteristics  is  thus 
important  [19-21].  With  proper  design  of  the  nonidentical  QW  structure,  extremely  broad  bandwidth  of  the  gain 
medium  of  the  semiconductor  lasers/amplifires  is  possible  [22]. 

The  designed  QW  structure  is  shown  in  Fig.l.  A  separate  confinement  heterostructure  (SCH)  is  formed  in 
connection  with  the  wells.  The  SCH  layer  has  a  thickness  of  120  nm.  The  wells  are  separated  by  15-nm-wide 
InoseGao  14Aso.3Po.7 barriers.  Three  6.0-nm  Ino67Gao.33Aso.73Po.28  QWs  are  placed  near  the  n-cladding  layer,  and  two  8.7- 
nm  In0  53Gao.47As  QWs  are  placed  near  the  p-cladding  layer.  The  emission  energies  of  the  6.0-nm  In0  ,67Gao.33As0.72Po.28 
QW  and  8.7-nm  In0,53Gao47As  QW  were  calculated  using  the  Luttinger-Kohn  method  [23].  Table  I  shows  the  emission 
wavelengths  corresponding  to  the  calculated  energy  levels.  In0.67Gao,33Aso j2Po,28  QWs  and  Ino.53Gao.47As  QWs  have 
three  and  two  quantized  energy  levels,  respectively. 

For  this  QW  structure,  emission  at  low  injection  current  occurs  at  the  wavelength  corresponding  to  the  n  =  1 
transition  in  the  8.7-nm  In0.53Gao.47As  QWs,  which  are  close  to  the  n-cladding  layer.  When  the  injection  current 
increases,  the  emission  spectrum  is  broadened  owing  to  the  simultaneous  transitions  of  n  =  1  and  n  —  2  states.  The 
emission  contribution  from  the  6.0-nm  Ino  67Gao  33Aso  72Po.2s  QWs  is  obvious  only  when  the  injection  current  is  very 
large.  In  our  experiment,  we  use  laser  diodes  (LDs)  with  straight  waveguide.  This  is  because,  compared  with  the  tilt  or 
bent  waveguide  superluminescent  diodes  (SLDs),  the  straight-waveguide  LD  has  lower  loss  and  lower  threshold  current. 
This  can  facilitate  the  tuning  of  the  modes  above  1500  nm  because  those  modes  are  very  loss-sensitive.  The  length  of 
the  device  was  about  300  pm.  No  facet  coatings  were  applied  to  the  device.  The  measured  emission  spectrum  of  the  LD 
is  shown  in  Fig.  2.  The  bandwidth  of  the  emission  spectrum  is  limited  by  the  Fabry-Perot  resonance  of  the  straight 
waveguide  LD.  The  operation  temperature  and  current  are  22.7  °C  and  146  mA,  respectively.  The  operation  current  is 
only  3  mA  larger  than  the  threshold  current  of  the  Fabry-Perot  mode,  so  the  oscillation  of  the  Fabry-Perot  mode  is  still 
negligible. 


TABLE  1.  Calculated  Transition  Wavelengths  Corresponding  to  the  Bounded 


Energy  States  of  the  Nonidentical  MQWs  of  the  Designed  SLD 


n 

8.7-nm  In0 ^Gao^As 
Double  QW  (nm) 

6.0-nm  Ino.67Gao.33Aso.72Po.28 

Triple  QW  (pm) 

1 

1.54 

1.3 

2 

1.46 

1.24 

3 

1.18 

Unbounded 
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2.2  Experimental  setup  and  steps 

Our  experimental  setup  is  shown  in  Fig.  3.  The  external  cavity  is  of  reflected-type  grating  telescope  configuration.  Two 
collimators  with  f  =  4.5  mm  and  NA  =  0.55  are  used  to  collimate  the  light  beams  emitted  from  two  facets  of  the  LD. 
The  coupling  efficiency  of  the  collimators  is  about  70%.  The  grating  is  600  lines/mm  and  is  Au-coated.  Its  efficiency  is 
about  80%.  A  lens  with  f  =  10  cm  is  placed  at  10  cm  from  both  the  grating  and  the  mirror  M2.  The  insertion  of  the 
mirror  Ml  and  two  physically  separated  mirrors  for  the  mirror  M2  are  for  the  purpose  of  broadband  tuning  range.  A 
double-slit  is  used  for  selecting  the  short-wavelength  mode  (SWM)  and  the  long-wavelength  mode  (LWM),  and  a  ND 
filter  is  put  in  front  of  each  slit  to  control  the  light  power  of  each  mode  at  the  same  time. 


04291  300nm  straight 
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Fig.  2.  Measured  emission  spectrum  of  the  SLD. 
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Fig.  3.  Experimental  setup. 


By  varying  the  loss  of  the  ND  filter  in  front  of  the  slit,  we  can  change  the  intensity  of  the  controlled  mode.  When 
the  intensity  of  either  mode  is  changed,  the  intensity  of  the  other  mode  also  varies  due  to  the  competition  or  anti¬ 
competition.  Plotting  out  the  variation  of  the  power  of  those  modes,  we  can  obtain  several  curves  on  the  power  plane, 
where  the  two  axes  represent  the  power  of  the  SWM  and  the  LWM,  respectively.  Moreover,  if  the  vertical  axis 
represents  the  power  of  the  LWM,  then  the  external  loss  introduced  to  the  LWM  must  be  kept  constant  throughout  the 
measurement,  and  vice  versa.  The  experiment  for  obtaining  the  curve  with  the  vertical  axis  representing  the  power  of 
the  LWM  goes  through  as  follows.  First,  we  choose  the  double-silt  of  certain  mode  spacing.  The  grating  at  the  output 
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diffracts  the  two  oscillation  wavelengths  chosen  by  the  double-slit,  and  their  light  power  is  measured  through  two 
detectors  and  an  oscilloscope.  Next,  we  tune  the  left  ND  filter  (the  one  corresponding  to  the  SWM)  to  a  certain  value  of 
loss,  and  again  measure  the  light  power  of  both  modes.  Because  the  holding  stage  of  the  optical  components  in  the 
external  cavity  is  not  very  stable,  the  ND  filter  of  the  LWM  is  tuned  for  keeping  the  external  loss  a  constant  if 
necessary.  This  step  is  repeated  until  we  have  tuned  the  ND  filter  to  its  maximum  loss,  and  the  light  power  of  the  SW 
mode  is  about  to  vanish.  After  that,  we  have  obtained  a  curve  with  certain  external  loss,  or  say,  certain  initial  power  of 
the  LWM.  Then,  we  tune  the  ND  filter  of  the  LWM  to  change  the  external  loss,  and  follow  the  steps  mentioned  above  to 
obtain  another  curve  with  this  new  external  loss  and  initial  power  of  the  LWM.  Finally,  we  remove  the  grating  and  the 
detectors  and  use  the  monochromator  to  measure  the  spectrum.  For  obtaining  the  curves  with  vertical  axis  represents  the 
power  of  the  SWM,  the  experimental  steps  are  similar  to  that  described  above. 

2.3  Experimental  results  and  discussion 

Our  experimental  result  for  wavelength  separation  18  nm  is  shown  in  Fig.  4  (a).  We  see  that,  under  this  wavelength 
separation,  the  curves  are  of  negative  gradient.  That  is,  the  light  power  of  the  LWM  decreases  with  the  increasing  of  the 
light  power  of  the  SWM.  This  is  the  same  as  the  well-known  mode  competition.  Howevre,  when  the  wavelength 
separation  is  increased  to  1 1 1  nm  (see  Fig.  4  (b)),  a  curve  with  positive  gradient  appears  on  the  plane.  That  is,  increasing 
the  light  power  of  the  SWM  leads  to  the  increase  of  the  light  power  of  the  LWM.  This  behavior  is  opposite  to  mode 
competition,  so  we  call  it  mode  anti-competition.  Some  experimental  results  for  larger  wavelength  separation  are  shown 
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in  Fig.  4  (c),  (d). 


Next,  some  influential  factors  of  anti-competition  are  investigated.  The  first  one  is  wavelength  separation  of  the 
two  modes.  From  Fig.  4,  we  can  see  that  at  larger  wavelength  separation,  the  slope  of  the  positive-gradient  curve  is 
steeper,  and  the  maximum  power  the  LWM  can  reach  under  fixed  initial  power  is  larger.  That  is,  the  larger  the 
wavelength  separation  is,  the  severer  anti-competition  is.  For  example,  when  the  initial  power  of  the  LWM  (the  power 
of  the  LWM  when  the  power  of  the  SWM  is  zero)  is  fixed  to  about  0.14  mW,  anti-competition  can  cause  the  light  power 
of  the  LWM  to  increase  to  about  0.23  mW  and  0.4  mW  at  wavelength  separation  150  nm  and  168  nm,  respectively  (see 
Fig.  4  (c),  (d)).  In  addition,  for  those  two  curves,  the  slopes  of  the  positive  gradient  region  are  about  1.5  and  1.8  at 
wavelength  separation  of  150  nm  and  168  nm,  respectively. 

The  second  influential  factor  is  the  light  power  of  the  SWM.  From  Fig.  4,  we  see  that  no  matter  which  wavelength 
separation  is,  anti-competition  can  exist  only  when  the  light  power  of  the  SWM  is  below  certain  level.  For  example,  at 
wavelength  separation  of  150  nm  and  168  nm  (see  Fig.  4  (c),  (d)),  anti-competition  can  exist  only  when  the  light  power 
of  the  SWM  is  below  0.1  mW  and  0.2  mW,  respectively.  Above  this  level,  anti-competition  disappears,  and  the 
interaction  between  these  two  modes  gradually  turns  into  competition.  In  general,  this  power  level,  or  say,  the  existing 
range  of  a  anti-competition,  is  larger  at  large  wavelength  separation.  During  the  transition  from  anti-competition  to 
competition,  region  exists  where  the  variation  of  the  SWM  power  has  no  influence  on  the  LWM  power.  The  existing 
range  of  anti-competition  seems  larger  at  wavelength  separation  1 1 1  nm  than  at  150  nm.  This  is  because,  at  wavelength 
separation  1 1 1  nm,  we  only  sample  two  points  when  the  power  of  the  short-wavelength  mode  increases  from  0  mW  to 
0.18  mW  (see  Fig.  4  (b)).  Therefore,  in  Fig.  4  (b),  the  maximum  power  of  the  long-wavelength  mode  (or  say,  the  end 
point  of  anti-competition)  should  have  appeared  prior  to  our  second  sample  point,  but  that  point  was  missed. 

The  third  influential  factor  is  the  initial  power  of  the  LWM.  In  general,  anti-competition  is  severer  when  the  initial 
power  of  the  LWM  is  smaller.  This  can  be  verified  from  Fig.  4  (b),  (c),  (d). 

The  last  influential  factor  of  anti-competition  is  the  wavelength  position  of  the  two  modes.  As  shown  in  Fig.  5, 
anti-competition  at  fixed  wavelength  separation  160  nm  can  have  different  behaviors  because  of  different  wavelength 
positions.  When  both  modes  reside  in  the  longer  wavelength  region,  anti-competition  is  severer.  The  same  phenomenon 
can  be  observed  for  wavelength  separation  larger  than  140  nm.  When  the  wavelength  separation  is  smaller  than  140  nm, 
a  phenomenon  behaves  in  the  opposite  way  appears.  That  is,  when  both  modes  reside  in  the  longer  wavelength  region, 
anti-competition  is  less  obvious. 

2.4  Reasons  for  anti-competition 

The  reasons  for  anti-competition  are  as  follows.  First,  as  discussed  above,  the  emission  spectrum  of  the  laser  gain 
medium  is  the  overlap  of  the  emission  spectra  of  two  different  QWs.  Since  in  our  experiment,  the  wavelength  position 
of  the  LWM  is  always  above  1510  nm  (see  Fig.  4,  5),  most  of  the  carriers  for  the  oscillation  of  the  LWM  are  mostly 
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contributed  from  the  n  =  1  state  of  the  8.7-nm  Ino.53Gao.47As  QWs.  However,  the  wavelength  position  of  the  SWM 
ranges  from  1356  nm  to  1415  nm  at  wavelength  separation  ranging  from  168  nm  to  1 1 1  nm.  Therefore,  both  the  6.0-nm 
Ino.67Gao.33Aso.72Po.28  QWs  and  the  n  =  2  state  of  the  8.7-nm  Irto.53Gao.47As  QWs  contribute  to  the  carriers  for  the 
oscillation  of  the  SWM.  The  ratio  of  the  carrier  contribution  form  these  two  types  of  QWs  to  the  SWM  depends  on  the 
wavelength  position  of  the  SWM.  If  the  SWM  is  located  near  1300  nm,  the  Ino.67Gao.33Aso.72Po.28  QWs  have  more 
contribution  to  the  gain,  and  vice  versa.  Therefore,  at  wavelength  separation  111  nm  (see  Fig.  4  (b)),  the  two 
wavelengths  are  nearly  contributed  from  the  Ino^Gao  47 As  QWs.  On  the  other  hand,  at  wavelength  separation  168  nm 
(see  Fig.  4  (d)),  the  SWM  and  LWM  are  nearly  contributed  from  the  Ino.67Gao.33Aso.72Po.2s  QWs  and  the  Ino.53Gao.47As 
QWs,  respectively.  Therefore,  competition  at  wavelength  separation  168  nm  is  weaker  than  at  1 1 1  nm  (as  shown  in  Fig. 
4)  because  the  carrier  transportation  between  different  QWs  is  a  relatively  slow  process,  compared  with  the  intraband 
relaxation  in  the  same  well. 

The  second  reason  is,  because  the  photon  energy  of  the  short-wavelength  QWs  is  larger  than  that  of  the  long- 
wavelength  QWs,  some  of  the  emitted  short-wavelength  photons  will  be  absorbed  by  the  long-wavelength  QWs.  This 
can  provide  the  long-wavelength  QWs  with  some  optical  gain,  and  is  somewhat  similar  to  optical  pumping.  At  larger 
wavelength  separation,  the  photon  energy  difference  is  larger,  so  stronger  optical  pumping  and  thus  severer  anti¬ 
competition  occurs.  In  addition,  if  the  initial  power  of  the  LWM  is  large,  there  are  already  plenty  carriers  for  the 
oscillation  of  LWM.  Therefore,  optical  pumping  and  anti-competition  is  weak  at  large  LWM  initial  power.  Moreover, 
the  gain  spectrum  of  the  Ino.53Gao.47As  QW  has  one  peak  at  1480  nm  [24].  That  is,  the  gain  at  1522.3  nm  is  larger  than  at 


Fig.  6.  Variation  of  the  light  power  of  the  SWM  to  that  of  the  LWM  at  wavelength  separation  of  150  nm.  The  wavelength 

positions  of  the  two  modes  are  the  same  as  in  Fig.  4  (c). 

1527.8  nm,  and  thus  1527.8  nm  has  fewer  carriers.  This  results  in  that  1527.8  nm  has  stronger  “optical  consumption 
ability”  of  the  short-wavelength  photons.  Therefore,  LWM  at  1527.8  nm  will  have  less  apparent  anti-competition 
behavior  than  LWM  at  1527.8  nm  under  fixed  wavelength  separation,  as  shown  in  Fig.  5. 

Since  anti-competition  is  due  to  the  physics  similar  to  optical  pumping,  it  can  exist  only  at  the  LWM.  For  the 
SWM,  increasing  the  light  power  of  the  LWM  will  only  decrease  its  light  power,  as  shown  in  Fig.  6  for  the  same  two 
modes  as  in  Fig.  4  (c).  Note  that  although  both  Fig.  4  (a)  and  Fig.  6  are  curves  with  competition,  their  behaviors  are 
different.  For  example,  the  curves  in  Fig.  4  (a)  are  curving  downward,  whereas  those  in  Fig.  6  are  curving  upward. 

3.  ANALYSIS 

Previous  models  of  competition  usually  use  the  following  rate  equations  to  describe  the  gain  saturation:  [5] 


dj_  1  _  , _ £10 _ 

dt  1  +  S|/|  +  C|2  ^2 


(la) 
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(lb) 


__  / _ <j?20 _ 

dt  1  +  iS2/2  + 

where  the  first  term  in  parentheses  [Eq.  (la)]  represents  the  gain  with  self-  and  cross-saturation;  gioand  g2oare  the 
unsaturated  gains  of  the  modes  7i  and  h ,  respectively;  l\  and  h  are  losses  of  the  modes  7i  and  h ,  respectively.  In  reality, 
the  denominators  in  Eqs.  (la)  and  (lb)  are  not  linear  functions  of  7i  and  h .  The  rate  equations  can  be  put  into  more 
general  forms: 


^■  =  [G,(/„/2)-/i]/i  , 

at 

(2a) 

^=[G2  (/„/,)- /,]/;, 
at 

(2b) 

with  Gi(7i  ,72)  and  G2(7i  ,72)  representing  general  relations  of  the  gains  and  the  intensities  7i  and  h  .  In  the  steady  state, 
dh  /  dt  =  dh  l  dt  =  0.  Equations  (2a)  and  (2b)  can  then  be  written  as 

[Gi(7i  ,72)-/i]7i  =  0,  (3a) 

[G2(7i  ,/2)-/2]72  =  0,  (3b) 

where  Gi(7i  ,72)  -  /i  =  0  and  G2(7i  ,72)  -  h  =  0  represent  two  curves  on  the  7i~  h  phase  plane. 

Lef  s  define  7i  and  h  as  the  intensity  of  the  LWM  and  SWM,  respectively.  The  saturation  effect  causes  the  gain  to 
decrease  with  the  intensity,  so  the  self-saturation  leads  tod  Gif  dh  <  0.  The  competition  is  due  to  cross-saturation 
[2,3],  so  5  Gif  d  h  <  0.  Thus,  for  competition  situation,  the  gain  curve  G  2  (Ii ,  h )  -  li  =  0  should  have  the  slope  dh  / 
dh  <  0,  which  is  the  case  for  Fig.  4  (a)  and  for  previous  experiments  [2,6].  For  the  case  of  anti-competition  shown  in  Fig. 
4  (b)~(d),  dh  l  dh  >  0.  Because  self-saturation  still  gives  d  Gi f  d Ii  <  0,  it  must  be  that  d  Gil  d h  >  0.  As  a  result, 
the  power-series  expansion  of  G2  (h  ,  Ii )  consists  of  a  term  (dOif  dh  )I\  (=  7  7i  >  0),  which  means  the  condition  like 
optical  pumping.  That  is,  the  short-wave  length  mode  gives  away  its  optical  power  to  the  long-wavelength  mode. 
However,  the  two-mode  operation  is  not  exactly  the  same  as  optical  pumping.  As  shown  in  Fig.  4  (b)~(d),  some  regime 
of  competition  still  exists,  indicating  that  the  cross-saturation  plays  an  important  role  again  for  certain  intensity  of  7i . 

4.  CONCLUSION 

Anti-competition  of  laser  modes  is  observed  in  semiconductor  laser  with  nonidentical  MQWs.  In  this  behavior,  the 
oscillation  intensity  of  the  long-wavelength  mode  can  be  enhanced  by  that  of  the  short-wavelength  mode,  which  is 
opposite  to  the  well-known  mode  competition.  The  phenomenon  of  anti-competition  can  be  observed  as  long  as  the 
wavelength  separation  is  larger  than  1 1 1  nm,  and  is  even  more  prominent  for  wavelength  separation  up  to  168  nm.  The 
influential  factors  of  anti-competition  includes  the  wavelength  separation,  the  power  of  both  modes  and  the  wavelength 
position.  Theoretical  analysis  shows  that  anti-competition  is  due  to  the  physics  similar  to  optical  pumping. 
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Abstract 

We  present  two  methods  for  timing  jitter  measurement.  The  first  method  uses  the  spectral  content  of  the 
noise,  and,  the  second  method  uses  autocorrelation  and  cross  correlation  of  the  pulsed  output.  For  a 
distributed  feedback  (DFB)  laser  gain  switched  at  1  GHz,  the  timing  jitter  is  about  3-4  ps.  When  an  external 
CW  laser  injected  into  the  DFB  laser,  the  timing  jitter  can  be  reduced  to  1-1.5  ps. 


Introduction 

Gain-switched  laser  diodes  have  been  extensively  used  to  generate  the  pico-second  optical  pulses  needed 
by  the  high-bite-rate  transmission  systems[l]-[3].  As  the  pulse  width  becomes  shorter,  pulse  to  pulse  timing 
jitter  impairs  the  system  performance  when  such  a  laser  is  used  in  a  transmission  system.  Studies  of  timing 
jitter  have  concentrated  on  determining  the  correlated  timing  jitter  from  the  phase  noise.  The  root-mean- 
square  (RMS)  correlated  jitter  of  both  mode  locked  diodes  and  gain-switched  laser  diodes  has  been 
measured  to  be  <  1  ps  [4],  For  gain- switched  laser  diodes,  due  to  the  spontaneous  character  of  the  onset  of 
the  lasing  process,  there  is  uncorrelated  timing  jitter.  Previous  authors  have  reported  uncorrelated  jitter  of  - 
1.7  to  14  ps  for  pulse  width  of  -  30  ps  [6]. 

This  paper  describes  measurement  of  timing  jitter  for  distributed  feedback  (DFB)  laser  diodes  with  and 
without  external  injection. 


Measurements 


The  experimental  setup  is  shown  in  Fig.  1., 


Figure  1.  Schematic  diagram  of  experimental  setup  for  timing  jitter  measurement  using  RF  spectrum  analyzer 

The  DFB  laser  was  gain  switched  at  5  GHz  generated  by  synthesized  sweeper  (HP  8340B).  After  the  pulse 
compression,  the  pulse  width  is  about  10  ps.  The  pulses  are  detected  using  a  high  speed  photodiode 
connected  to  a  RF  spectrum  analyzer. 
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The  pulse  to  pulse  jitter  (relative  positions  of  the  pulses  in  time  domain)  of  a  short  optical  pulse  train  can  be 
measured  by  analyzing  the  power  spectrum  of  the  pulse  train  obtained  using  a  high  speed  photodiode.  The 
root-mean-square  (RMS)  value  of  the  correlated  and  uncorrelated  timing  jitter  are  given  by  [4-6] 


where  n  is  the  harmonic  number,  f  is  the  pulse  repetition  frequency,  Pc  and  Pn  are  respectively  the  powers 

of  the  nth  harmonics  and  the  maximum  of  the  phase  noise  centered  on  the  harmonics,  A f  is  the  noise 
bandwidth  (full  width  at  half  maximum  FWHM),  and  RB  is  the  resolution  bandwidth  of  the  RF  spectrum 
analyzer  used. 

The  measured  uncorrelated  and  correlated  timing  jitter  obtained  using  the  above  equations  are  shown  in 
Fig.  2.  The  uncorrelated  jitter  is  about  3  ps  and  the  correlated  jitter  is  much  smaller,  less  than  200  fs. 


1.5  2  2.5  3  3.5  4  4.5 

Harmonic  Number 

Figure  2:  Timing  Jitter  as  a  function  of  harmonic  number 


Thus  for  gain-switched  DFB  lasers,  the  timing  jitter  mainly  consists  of  uncorrelated  jitter. 

The  second  method  for  timing  jitter  measurement  that  we  have  used  utilizes  optical  cross  correlation  and 
autocorrelation.  The  experimental  setup  is  in  Fig.  3., 
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DCF  EDFA1  DSF  SSF  EDFA2 


Figure  3:  Schematic  diagram  of  experimental  setup  for  timing  jitter  measurement  using  autocorrelation  and  cross 
correlation 

The  DFB  laser  was  gain  switched  at  1GHz.  The  pulse  width  was  ~  30  ps.  After  propagation  through  a 
dispersion  compensating  fiber  (DCF),  the  pulses  are  compressed  to  ~  7  ps.  Then  the  pulse  train  is  amplified 
by  a  erbium  doped  fiber  amplifier  (EDFA)  and  propagated  through  the  dispersion  shifted  fiber  (DSF)  and 
standard  single  mode  fiber  (SSF)  of  suitable  lengths.  The  pulse  width  was  further  reduced  to  3.5  ps  using 
this  scheme. 

Using  the  delay  lines,  two  sets  of  pulses  were  multiplexed  so  that  a  dual  set  of  pulses  are  produced.  The 
dual  pulses  in  each  set  are  separated  by  -  40  ps,  which  is  within  the  delay  range  of  the  autocorrelator. 
These  dual  set  of  pulses  produces  three  peaks  on  the  autocorrelator  output  as  shown  in  Figure  4.  This 
allows  simultaneous  measurement  of  the  autocorrelation  and  cross  correlation  pulse-width. 

The  RMS  timing  jitter  is  given  by[7] 


®  AC 

<T pp  is  the  pulse  to  pulse  variance,  Gxc  ,  (7 AC  are  the  standard  deviation  of  the  cross  correlation  and 
autocorrelation  of  the  laser  pulse. 
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Figure  4:  A  typical  trace  from  the  autocorrelator  for  the  dual  set  of  pulses. 

Reduction  of  timing  jitter  using  external  CW  injection 

Self  or  external  injection  seeding  has  been  used  to  reduce  the  timing  jitter[8].  We  used  the  experimental 
setup  shown  below  (Fig.  5)  for  our  measurements. 


DCF  EDFA1  DSF  SSF 


Figure  5:  Schematic  diagram  of  experimental  setup  of  external  injection  seeding 
The  results  are  shown  in  Figures  6  and  7. 
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Figure  6:  The  results  using  cross  and  auto  correlation  (a)  Timing  jitter  as  a  function  of  injection  seeding 
wavelength.  The  power  is  0.05  mW.  (b)  Timing  jitter  vs  injection  seeding  power,  (c)  Comparing  the 
autocorrelator  results  of  injection  and  no  injection 
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Figure  7:  The  results  using  spectrum  analyzer  (a)  Uncorrelated  timing  jitter  vs  harmonic  number  without  external 
injection.  Repetition  rate  1  GHz  and  pulse  width  3.5  ps(b)  Uncorrelated  timing  jitter  vs  harmonic  number  with  external 
injection.  The  power  is  0. 15  mW  and  wavelength  is  1547.7  nm.  The  DFB  is  lasing  at  1545.8  nm 


Summary 

We  present  two  methods  for  timing  jitter  measurement.  The  first  method  uses  the  spectral  content  of  the 
noise,  and,  the  second  method  uses  autocorrelation  and  cross  correlation  of  the  pulsed  output.  For  a 
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distributed  feedback  (DFB)  laser  gain  switched  at  1  GHz,  the  timing  jitter  is  about  3-4  ps.  When  an  external 
CW  laser  injected  into  the  DFB  laser,  the  timing  jitter  can  be  reduced  to  1-1.5  ps. 
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ABSTRACT 

All-optical  regeneration  at  40  Gbit/s  and  beyond  is  a  crucial  element  for  future  transparent  networks. 
One  solution  to  achieve  the  regeneration  is  an  all-optical  clock  recovei y  element  combined  with  a 
Mach-Zehnder  interferometer.  Among  the  different  approaches  investigated  so  far  to  accomplish  the 
clock  recovery  function,  a  scheme  based  on  a  single  self-pulsating  distributed  Biagg  leflectoi  lasei  is 
of  particular  interest  from  practical  and  cost  viewpoints.  In  this  structure  at  least  two  longitudinal 
modes  beat  together,  generating  power  oscillation  even  though  the  laser  is  DC  biased.  The  oscillation 
frequency  is  given  by  the  free  spectral  range  of  the  structure.  In  order  to  optimize  the  clock  recovery 
performance  of  such  a  laser,  a  model  based  on  four-wave-mixing  has  been  developed.  It  takes  into 
account  the  evolution  of  the  amplitude  and  the  phase  of  the  complex  electric  field  of  each  longitudinal 
mode.  From  this  model,  a  stability  analysis  is  derived  through  the  adiabatic  approximation.  The 
spectral  density  of  the  correlated  phases  of  these  modes  is  calculated  and  compared  to  the  uncorrelated 
spectral  density  of  each  mode. 

Keywords:  Distributed  Bragg  reflector,  self-pulsating  laser,  clock  recovery,  four-wave  mixing  and 
phase  correlation. 


1.  INTRODUCTION 

In  order  to  improve  the  transmission  distance,  transparency,  capacity  and  speed  of  optical  networks, 
practical  means  for  all-optical  treatment  of  the  data,  such  as  all-optical  digital  logic  functions  and 
3R  (re-amplify,  re-time,  and  re-shape)  regeneration  are  of  particular  interest1  3.  For  example,  all- 
optical  clock  recovery  would  supersede  the  complicated  optoelectronic  schemes  including  a  high  speed 
photo-receiver,  a  high-Q  filter,  a  power  amplifier  and  a  high  speed  laser  or  an  integrated  laser  mod¬ 
ulator.  Among  the  different  approaches  investigated  so  far,  a  scheme  based  on  a  single  self-pulsating 
distributed  Bragg  reflector  (SP  DBR)  laser  is  of  particular  interest  from  practical  and  cost  viewpoints. 
In  such  a  structure,  under  certain  bias  conditions,  the  beating  between  the  longitudinal  modes  gen¬ 
erates  a  power  oscillation  even  though  the  laser  is  DC  biased.  The  non-linearities  and  chaiacteiistic 
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times  of  semiconductor  devices  lead  to  oscillation  in  the  radio- frequency  (RF)  domain.  It  has  been 
demonstrated  that  such  a  SP  DBR  laser  is  able  to  synchronize  its  self-pulsation  to  the  bit-rate  of  an 
incoming  data  signal,  acting  as  an  all-optical  clock  recovery  device4.  The  optical  field  generated  inside 
the  laser  cavity  can  be  expressed  as  a  monochromatic  wave  with  a  slowly  time  varying  amplitude: 


Ek(z,  t)  =  Ak(t) exp  (~j(ukt  +  ■  Zk(z),  (1) 

where  Ak  is  the  amplitude  of  the  kth  mode,  u)k  =  2xvk  its  angular  frequency  with  vk  the  optical 
frequency,  Z its  longitudinal  dependence  and  <2>/.  its  instantaneous  phase  fluctuation.  In  the  case  of 
a  laser  with  M  longitudinal  modes,  the  beating  between  these  modes  leads  to  a  quadratic  temporal 
average  of  the  total  electric  field  with  the  following  expression: 

m  M 

<  \ET\ 2  >=  ^2  <  l^'l2  >  +  L  L  2  <  EkEj  COS(^kjt  +  ( 0j(t )  -  0k(t)))  >,  (2) 

k— 1  k— 1 

where  the  pulsation  frequency  between  two  adjacent  modes,  is  given  by  (ojj  —  u^).  For  example, 
for  a  laser  with  two  uncorrelated  modes,  a  RF  signal  at  the  frequency  Qkj/ 2tt  can  be  observed  by  a 
photodiode,  with  a  spectral  linewidth  corresponding  to  the  sum  of  the  two  modes’  spectral  linewidths. 
However,  in  the  case  of  a  SP  laser,  the  RF  signal  linewidth  is  smaller,  benefiting  from  the  phase 
correlation  of  the  optical  modes  through  the  non-linear  effects.  Indeed,  the  four- wave-mixing  (FWM) 
results  in  a  modulation  of  the  carrier  population,  leading  to  a  nonlinear  gain  and  refractive  index 
modulation,  affecting  both  the  amplitude  and  the  phase  of  the  lasing  modes.  Based  on  a  four- wave 
mixing  formalism,  we  present  in  this  paper  a  study  of  the  origin  of  the  RF  oscillation  in  a  SP  DBR 
laser  with  3  longitudinal  modes.  The  paper  is  organized  as  follows:  in  Part  2  the  equations  describing 
the  behavior  of  a  multimode  DBR  SP  laser  are  described  including  the  FWM  nonlinearity,  in  Part 
3  the  stability  analysis  of  this  equation  system  is  performed  and  the  solutions  are  established.  The 
power  spectral  density  for  the  modes  of  the  DBR  SP  laser  are  calculated  and  compared  with  the 
spectral  power  density  of  uncorrelated  modes.  Part  4  presents  and  discusses  the  simulation  results 
based  on  our  model.  Finally  conclusions  are  drawn  in  Part  5. 

2.  FOUR  WAVE  MIXING  IN  A  SELF-PULSATING  DRR  LASER 

There  are  five  non-linear  effects  generating  four- wave  mixing  (FWM)  in  a  semiconductor  components: 
the  carrier  density  modulation  (CDM),  the  carrier  heating,  the  spectral  hole  burning,  the  two-photon 
absorption  and  the  Kerr  effect.  These  last  four  effects  can  be  neglected  when  the  free  spectral  range 
between  the  inodes  involved  is  of  the  order  of  40  GHz5,  so  that  only  CDM  will  be  taken  into  account. 
For  the  sake  of  simplicity  and  clarity,  only  three  longitudinal  modes  (M  —  3)  propagating  in  the  SP 
DBR  are  considered  in  our  approach.  The  time  evolution  of  the  electric  field  is  given  by: 

^  =  |(1  -jaH){G-lk)Ek 

r  /M-l  \ 

+  2 I  L  NmEk-m  +  A N*mEk+m) 

\m=l  / 

~j(^k  “  ^k)Ek  +  Fk(t),  (3) 

where  an  represents  the  phase- amplitude  coupling  factor,  q*  the  cavity  loss  for  the  kth  mode.  The 
instantaneous  fluctuations  of  the  electric  field  due  to  the  spontaneous  emission  are  given  by  Langevin 
source  term,  Fk(t),  (u>k  —  &D  represents  the  detuning  of  the  angular  frequency  uik  of  the  kth  lasing 
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mode  from  its  initial  cavity  resonance  one  uj)..  The  gain,  G,  is  assumed  constant  over  the  spectral 
range  of  the  three  modes.  G  is  given  by  Tvgg  where  T  is  the  optical  confinement,  vg  the  group  velocity 
and  g  is  equal  as  a(N0  -  Ntr)/V,  where  a  is  the  differential  gain,  V  the  volume  of  the  active  layer, 
Ntr  the  carrier  number  at  transparency  and  No  the  average  carrier  number,  satisfying,  the  carrier  rate 
equation  given  by: 

^2  =  L  _  _  GPU  (4) 

dt  e  Te 

where  Pt  is  the  total  photon  number  and  is  equal,  in  this  study,  to  |£i|2  +  l-E^I2  +  A Nm 

represents  the  mth  order  of  the  carrier  modulation.  Its  dependence  on  the  frequency  is  given  by6: 


VA/  F,  F* 


A  AT 


(5) 


with  the  photon  saturation  number,  Ps  equal  to  V/(T vgaTe),  and  re  is  the  carrier  lifetime.  Since 
Qspre  »  1,  the  contribution  to  the  carrier  modulation  of  (1  +  Pt/Ps)  can  be  neglected.  By  separating 
real  and  imaginary  parts  of  Eq.  (4),  six  rate  equations  are  obtained,  describing  the  time  evolution 
of  both  the  amplitude  Ak  and  the  phase  Ok  of  the  mode.  Based  on  the  approximation  that 
Ay(QsprePs)  <  1,  the  contribution  to  the  non-linear  gain  corresponding  only  to  a  transfer  of  energy 
between  modes  is  neglected,  whereas  the  other  contribution  introducing  a  transfer  of  phase  is  kept. 
We  consider  as  well,  that  the  amplitude  of  mode  2  is  larger  than  that  of  mode  1,  which  is  largei 
than  that  of  mode  3,  in  accord  with  some  previous  experimental  investigations4.  We  achieve  for  the 
amplitude  and  the  phase  the  following  equations  : 
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(7) 

(8) 

(9) 

(10) 
(11) 


where  Fa,,  and  F0k  represent  the  instantaneous  fluctuation  of  the  amplitude  and  the  phase  respectively; 
and  xb  is  equal  to  202  —  Ox  —  03-  The  equations  (6)-(  11)  are  similar  to  those  describing  an  injection- 
locked  laser.  The  time-rate  of  change  of  the  mode  consists  of  a  classical  contribution  involving  the 
phase  amplitude  coupling  factor  and  the  gain,  but  also  a  term  of  injection  with  a  phase  difference 
given  bv  tl  T  arctan  (o  /f ) .  If  we  introduce  the  injection  rate  terms,  pi  and  p3 ,  such  that. 
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we  can  express  Eqs.(6)-(11)  as: 


dAx 

dt 

dAo 
dt 
dA 3 
dt 


\  ^(G  -  71)  +  pi  cos(ti>  +  arctan  aH  ~^)JA  1  +  FM 
-  ^ G  —  ->2  j  A2  +  Fa , 

|  ^(G  -  0.3)  +  p3  cos(v  +  arctan  aH  -  7^))  A3  +  FAl 


(14) 

(15) 

(16) 


C~-  =  ^  (oh(AG2  -  AGi)  -  pi  sin(ri’  +  arctan  aH  -  7^))  -  Awji  +  (17) 

^  (ftfl(AG3  -  AG2)  -  p3 sin(t>  +  arctan aH  -  7^))  -  Aw|2  +  F032,  (18) 

where  A ujjk  =  {uj\  —  a; j ) ,  represents  the  cavity  resonance  frequency  detuning  between  modes  fc  and  j, 
AG/,;  =  G  —  7^,  02i  =  02  “  0i  and  032  =  03  —  02,  represent  the  relative  phases. 


3.  ANALYSIS 

3.1.  Steady  state  condition 

In  order  to  determine  the  validity  limit  of  this  system  of  differential  equations,  the  time-rate  of  change 
and  the  amplitude  and  phase  noise  sources  terms  are  set  to  zero.  A  quadratic  equation  is  then  obtained: 

l±^-x2  -  aH Aw4*  +  (Aw*2  -  i(ps  -  Pi)2)  =  0,  (19) 

where  X  is  equal  to  (2AG2  —  AGfi  —  AG3)  ancl  the  spectral  detuning  between  the  modes,  A wl  is  given 
by  AuAi  —  Au>32*  This  equation  has  a  real  root  only  if  its  discriminant  is  positive.  This  implies  that: 

I  Aw*  |  <  A±°JL\P3-Pi\=Aoj,.  (20) 

Eq.  (20)  relates  the  maximal  value  of  A  ,uA  to  the  inter  mo  dal  half- locking  bandwidth' ,  A  07.  While 
|Au/|  is  smaller  than  Au;/,  the  system  converges  towards  a  steady  state  solution  in  the  injected  regime. 
Alternatively,  if  lAu;^  is  larger  than  Aco^  the  system  does  not  produce  a  stable  solution  since  the 
modulation  lateral  bandwiclths  are  not  sufficient ly  close  to  the  mode  frequencies  to  realize  injection¬ 
locking.  It  is  worth  noticing  that  A u?i  is  function  of  the  injection  rate,  related  to  the  amplitude 
ratio  of  modes  1  ancl  3.  As  the  discrepancy  between  A\  and  A3  increases,  A u?i  increases.  A  self- 
pulsating  behavior  is  achieved  when  the  main  mode  is  surrounded  by  asymmetric  modes,  as  previously 
demonstrated.4 

3.2.  Small-signal  analysis 

Small  perturbation  analysis  is  performed  within  the  steady  state  condition  defined  in  Eq.  (20).  I11 
order  to  simplify  this  calculation,  we  assume  that  the  intensity  of  the  electric  field  of  each  mode 
instantaneously  follows  any  changes  in  the  gain  and  refractive  index  of  the  cavity.  This  implies  that 
fluctuation  in  the  phase  and  amplitude  is  exclusively  caused  by  the  spontaneous  emission  coupled  to 
the  modes.  This  will  affect  the  amplitude  and  the  phase  of  each  mode.  Consequently,  the  adiabatic 
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approximation  allows  us  to  consider  the  fluctuations  at  frequencies  around  the  self-pulsation  frequency. 
The  small  signal  analysis  of  the  Eqs.  (17)  and  (18)  leads  to  the  following  equations  for  the  relative 
phases: 

(<5(AGo)  —  J(AGi))  —  cos (0)  ♦  (<50oi  —  <5032)  +  Fon  (21) 

C^°si  =  (^(AGs)  —  5(AG2))  —  XP3COS(0)  *  ( <5021  <5032)  +  ^c>32>  (22) 

dt  2  - 

where  the  static  phase,  9  is  equal  to  (p°  +  arctan  aH  -  §).  If  we  applied  the  adiabatic  approximation 
to  the  rate  equation  of  the  photon  number  for  the  kth  mode,  it  is  possible  to  substitute  5(AGk)  by 
the  ratio  between  the  photon  noise  source,  FPl  and  the  photon  number,  Pk  where  Pf-  =  A\.  The  rate 
of  change  of  the  fluctuation  of  the  relative  phases  with  respect  to  time  can  then  be  written  as: 

=  — —  f -5-  —  — —  — p j  cos (6)  ■  (56 2i  —  Sfao)  +  Po2l  (23) 

dt  2  V  Pi  P2  )  21 

=  ££  (%  _  -  Ip 3  cos (0)  •  (5621  -  56,2)  +  Fo32.  (24) 

dt  2  \  Po  Pz  )  2 

These  equations  show  that  the  evolution  of  the  phase  detuning  between  modes  2  and  1  is  linked  to 
the  one  between  modes  3  and  2,  and  also  to  the  ratio  of  the  amplitude  of  modes  3  and  1,  thiough  p\ 
and  p%. 


3.3.  Relative  phase  noise  power  spectra 

The  above  system  of  differential  equations  can  be  easily  solved  in  the  frequency  domain  using  the 
Fourier  transformation.  The  relative  phases  fluctuations  are  expressed  as  a  function  of  the  electrical 
analysis  frequency,  O',  where  ft'  =  In  the  frequency  domain,  Eqs.  (23)  and  (24)  are  expressed 

as  follows: 


<5021  (SV) 


<5032  (f^) 


jtt'  (<5o2°  -  &Z>1°)  +  ^2  C°s(0)56:i2 

jfl'  +  Q  cos (9) 

jQ'  (56,0  -  ^02°)  +  ^2  cos(9)562i 
jQ'  +  ^  cos  (9) 


(25) 


(26) 


where  56k°  is  the  Fourier  transform  of  the  phase  fluctuation  of  the  kth  mode  in  absence  of  four-wave 

mixing  and  is  equal  to  l/(j<l')(F0k  -  ^^-)8.  Thus,  it  is  now  possible  to  express  the  noise  power 
spectral  densitv  of  the  relative  phases  as  a  function  of  the  spectral  densities  of  the  three  uncoil  elated 
modes.  The  spectral  densities  for  6,i  and  6,2  are  expressed  as  follows: 

S021(fi')  =  (S0O2  +  S°J - ■  1  - — - —  (27) 
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These  expressions,  obtained  in  the  case  of  an  adiabatic  approach,  demonstrate  qualitatively  the  exis¬ 
tence  of  a  phase  correlation  between  the  different  modes  involved  in  our  model.  Indeed,  the  absence 
of  phase  correlation  between  modes  leads  theoretically  to  S0ij  =  S'®.  +  S®  ,  which  is  not  the  case  here. 
Furthermore,  Eqs.  (27)  and  (28)  give  some  information  about  the  behavior  of  the  spectral  densities 
of  the  noise  of  the  relative  phases.  Analysis  at  high  frequencies  shows,  they  behave  as  the  sum  of  the 
spectral  densities  of  the  modes  in  absence  of  four- wave  mixing.  At  lower  frequencies,  the  contribution 
of  the  uncorrelated  spectral  densities  vanishes  and  5^(0')  converges  towards  S0 32(fy). 

From  Eqs.  (27)  and  (28),  it  is  also  possible  to  express  the  sum  S021  +  S02 2  as  a  function  of  S®i}  S®o 

and  S°03. 


+  s, 


<?32 


b2  -  n2 

9  9°  _J_  Q°  _l  C°  _i _ (  qO 

^°<?2  +  *~Vi  +  °c>3  ^  l  q.  a2  ip.  w  <P 


■S%) 


(29) 


with  a  =  Pl  and  b  =  P3  9^/^  •  Therefore,  it  can  be  proven  that  the  sum  of  the  spectral  densities  of 
the  relative  phases,  S032  and  S021,  is  smaller  than  the  sum  of  the  uncorrelated  phases,  2 +  5® x  +  . 

Indeed,  this  condition  is  always  satisfied  because  5®  is  smaller,  by  definition,  than  S®3  when  A\  is 
greater  than  A3,  and  conversely.  This  relation  shows  that  the  phase  correlation  induced  by  FWM 
results  in  a  reduction  of  the  spectral  linewidth  of  the  self-pulsating  signal. 


4.  NUMERICAL  RESULTS 

After  linearization  and  Fourier  transformation  of  Eqs.  (4),  (6)-(ll),  the  following  equation  is  achieved; 


/FAl\ 

/MA 

Fa, 

sa2 

Fa3 

SA-i 

For 

=  (jtfl  -  -V)  • 

do  i 

f02 

5oo 

F 33 

So 3 

\*w 

\SNoJ 

where  M  is  7  x  7  matrix  and  /  the  identity  matrix.  For  any  values  of  0!  satisfying  the  condition  that 
det  (jCtf I  —  A I)  7^  0,  we  can  express  the  phase  fluctuations  of  the  three  modes  as  a  function  of  the 
Langevin  terms.  With  Q  equal  to  the  inverse  matrix  of  (jfl'I  —  i\/),  the  phase  fluctuations  are  given 
directly  by: 

501  =  CI±aFAi  +  Q4:2^A2  +  <24.3^.43  +  #4.4  E0l  +  94.5-^02  +  Q4sF03  +  #4.7  E/y  (31) 

502  =  #5.1^  +  #5,2^42  +  #5,3^A3  +  #5,4^  +  #5,5-E>2  +  #5,6^3  +  #5,7  Ev  (32) 

50  3  =  #0,1^4!  +  #6.2^42  +  #6.3  E As  +  #6.4E0l  +  qe^F02  +  #6,6^3  +  #6.7Ev,  (33) 

where  #*.j  are  the  elements  of  Q.  Using  the  Eqs. (31)- (33)  and  the  properties  of  the  Langevin  forces, 
the  power  spectral  density  of  the  phase  noise  of  the  kth  mode  can  be  written  as  follows: 

SvAV)  =  |#/c.i|2  <  fAi  •  fAi  >  +|#fc.2|2  <  fA2  •  n2  >  +|#*f3|2  <  FA3  •  fx3  > 

+kkA\2  <  fCi  *  f;21  >  t|#a\5 |2  <  f02  *  f*2  >  +|#/c<6|2  <  F0 3  •  f;3  > 

+  |#/cj|2  <  Ev  •  Ey  >  (34) 
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where  the  spectral  densities  of  the  Langevin  forces  are: 


<FAh-F$k>  = 

Rsp 

“P 

(35) 
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e 

(36) 

<  A,  •  >  = 

Rsp 

2Af' 

(37) 

where  Rsp  is  the  spontaneous  emission  rate.  Fig.l  and  Fig.2  show  an  example  of  calculation  results 
obtained  with  three  different  modes  such  as  A2  >  Ai  >  Az,  for  three  different  values  of  the  cavity 
resonance  frequency  detuning  Au /  =  (2u4  —  —  &%)  :  0,  Ap-,  A u)\.  The  other  parameters  used  foi 

these  calculations  are  listed  in  Table  1. 


Figure  1.  FM  noise  spectra  of  the  relative  phase 
621  and  of  the  sum  of  the  individual  FM  noise  spec¬ 
tra  of  modes  1  and  2,  in  terms  of  analysis  frequency. 


f-fip  (GHz) 


Figure  2.  Ratio  between  FM  noise  spectral  densi¬ 
ties  of  the  sum  of  the  individual  FM  noise  spectra 
of  modes  1  and  2,  and  the  ones  of  the  relative  phase 
d>2i ,  in  terms  of  analysis  frequency. 


Fig.l  compares  the  FM  noise  spectra  obtained  for  the  relative  phase  <j> 21  with  the  sum  of  the 
individual  FM  noise  spectra  of  modes  1  and  2,  as  a  function  of  the  analysis  frequency  around  }sp. 
Fig.2  represents  the  ratio,  in  a  logarithmic  scale.  Firstly,  Fig.l  shows  that  the  FM  noise  spectra  of 
the  relative  phase  o2 1  are  different  to  that  for  the  sum  of  the  individual  FM  noise  spectra  of  modes 
1  and  2.  They  converge  at  high  analysis  frequencies,  as  expressed  by  Eq.  (27).  This  demonstrates 
quantitatively  the  existence  of  phase  correlation,  as  previously  explained  in  section  3.3.  Secondly, 
Fig.2  shows  that,  the  FM  noise  spectra  of  the  relative  phase  <?2i  are  always  smaller  than  the  sum  of 
the  individual  FM  noise  spectra  of  modes  1  and  2.  This  indicates  that  the  FM  noise  spectia  of  d2i 
have  been  drastically  reduced  through  the  non-linear  FWM  process  in  the  vicinity  of  the  self-pulsation 
frequency.  So,  it  shows  that  FWM,  by  inducing  a  phase  correlation  between  the  modes,  is  responsible 
for  the  reduction  of  the  spectral  linewidth  of  the  generated  self-pulsating  signal. 

5.  DISCUSSIONS  AND  CONCLUSIONS 

Self-pulsation  in  DBR  lasers  have  already  been  demonstrated.  It  is  an  oscillation  of  the  output  power 
due  to  the  carrier  modulation  resulting  from  four-wave-mixing  of  adjacent  longitudinal  modes  selected 
by  the  DBR  mirror.  Nevertheless,  the  phase  correlation  between  inodes  inside  the  cavity,  which  is 
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Table  1.  Parameter  used  for  Fig.l  and  Fig.  2. 


Parameters 

Symbols 

Values 

Unit 

Width  and  thickness 

w.d 

0,1. 10"12 

9 

mr 

Length 

L 

1.10-3 

m 

Volume 

V 

1.10-16 

m3 

Optical  confinement 

r 

Li ne width  enhancement  factor 

aH 

5 

Speed  of  light 

c 

3.108 

Refractive  index 

n 

3.4 

Group  index 

ng 

4 

Carrier  lifetime 

Te 

2  x  10~9 

s 

Photon  lifetime 

tp 

2  x  10~12 

s 

Spontaneous  emission  rate 

Rsp 

1012 

s^1 

Carrier  number  at  transparency 

nty 

1  x  1024 

m”3 

Average  carrier  number 

n0 

1.7  x  1024 

m"3 

Differential  gain 

a 

3.2  x  10~2° 

m2 

Mode  1  optical  losses 

li 

1.86  x  1011 

s~ 1 

Mode  2  optical  losses 

12 

1.70  x  1011 

5“  1 

Mode  3  optical  losses 

12 

1.80  x  1011 

s~ 1  1 

Saturation  power 

Peat 

7  x  104 

Self- pulsation  frequency 

^ sp 

Hz 

Amplitude  of  mode  1 

Ai 

A9/2 

Amplitude  of  mode  2 

A.2 

Amplitude  of  mode  3 

A^ 

necessary  to  the  generation  of  self-pulsation,  has  not  been  previously  clearly  demonstrated.  In  this 
paper,  a  theoretical  work  based  on  the  rate  equations  of  three  modes  has  been  developed  to  study  the 
time  evolution  of  phases  and  amplitudes  of  the  modes.  From  a  steady-state  analysis,  it  was  possible 
to  determine  some  criteria  that  the  three  modes  have  to  fulfil  in  order  to  achieve  self-pulsation.  From 
a  small-signal  analysis,  we  were  able  to  extract  different  phase  noise  spectral  densities  and  to  study 
the  stability  of  our  differential  equation  system.  We  also  proved,  qualitatively  and  quantitatively,  that 
the  phases  of  the  different  modes  are  partially  correlated  through  the  four- wave- mixing  in  this  type 
of  self- pulsating  laser.  Our  analysis  can  satisfactorily  explain  the  experimental  results  obtained  from 
these  lasers,  and  can  be  used  to  design  high  performance  SP  DBRs  for  clock  recovery  applications. 
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ABSTRACT 

High-frequency  spectra  of  free-running  5-mm-long  triple-quantum-well  graded-index  separate- confinement 
heterostructure  broad-area  diode  lasers  emitting  at  -1  pm  are  investigated  in  the  range  of  1-20  GHz  using  RF  spectrum 
analyzer.  The  spectra  reveal  stable  beat  lines  at  ~8  and  -16  GHz,  corresponding  to  single  and  double  mode  spacings 
between  adjacent  longitudinal  modes.  A  current- dependent  peak,  varying  from  0.6  to  2  GHz,  is  associated  with  the 
relaxation  resonance.  Measurements  of  mode  beating  spectra  provide  additional  characterization  of  diode  laser  emission 
for  coherent  light  applications. 

Key  words:  Semiconductor  lasers,  quantum  wells,  mode  beating 

1.  INTRODUCTION 

High-frequency  characterization  of  semiconductor  lasers  is  an  important  topic  in  studies  of  high-speed  modulation,  mode 
locking,  Q-switching,  mode  selection  and  tuning,  etc.  Beating  between  longitudinal  modes  in  typical  diode  lasers  occurs 
at  frequencies  too  high  to  be  measured  directly,  in  the  THz  frequency  range.  Consequently,  mode  beating  was  initially 
investigated  in  external-cavity  diode  lasers  [Bogatov  1979],  [Bachert  1981],  with  mode  spacings  of -100  MHz.  More 
recently,  beating  between  adjacent  longitudinal  modes  was  observed  in  lasers  with  2-2. 5-mm-long  cavities  [Lau  1985], 
[Sharfin  1994].  Here,  we  study  mode  beating  spectra  in  diode  lasers  with  cavity  length  of  -5  mm.  For  the  first  time,  in 
addition  to  previously  reported  beat  signals  from  adjacent  longitudinal  modes,  we  have  observed  beating  between 
second-neighbor  modes  separated  by  double  spacing. 

2.  CHARACTERIZATION  OF  LONG-CAVITY  InGa As/ Ga As/ AlGa As  GRIN-SCH  DIODE  LASERS 
2.1  Device  Structure 

InGaAs/GaAs/AlGaAs  triple-quantum- well  graded-index  separate-confinement  heterostructure  (GRIN-SCH)  samples 
were  grown  by  low-pressure  MOCVD  on  ;?-type  GaAs  substrates  with  a  (100)2°>(  1 10)  orientation.  A  schematic 
illustration  of  the  layer  sequence  in  fabricated  laser  devices  is  shown  in  Fig.  1.  After  a  1  pm  Te-doped  Alo.3Gao.7As  w- 
cladding  layer  and  a  1000  A  Te-doped  AlxGai_xAs  (x  =  0  to  0.3)  linearly  graded  index  (GRIN)  ?7-layer,  the  active  region, 
consisting  of  five  -10-nm- thick  undoped  GaAs  barriers  and  three  10-nm-thick  undoped  In0.2Gao.sAs  wells,  was  grown.  A 
1000-A-thick  C-doped  AlxGai_xAs  (x  =  0  to  0.3)  linearly  graded  index  (GRIN)  p- layer  capped  the  active  region,  followed 
by  a  1-pm  thick  C-doped  Alo.3Gao.7As  p-cladding  layer,  and  a  50  11m  p‘-GaAs  contact  layer.  Long-cavity  broad- area 
lasers  emitting  at  -1  pm  were  cleaved  from  a  wafer  with  50-pm-wide  p-side  stripe  contacts. 
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77-metal,  Ti:  500  A/Pt:  500  A/Au:  4000  A 


p+- GaAs  contact  layer,  500  A,  C  doped  lxlO19  cm 3 _ 

77-Alo.3Gao.7As  cladding  layer,  1  Jim  ,  C  doped  5x1 017  cm'3 

/;-AlxGi*i  xAs  linearly  graded  from  x  =  0  to  0.3, 1000  A,  C  doped  5x1 017  cm 3 

Undoped  GaAs  barrier,  100  A _ _ 

Undoped  In0.3Ga0.sAs  quantum  well,  100  A _ 

Undoped  GaAs  barrier,  100  A 

Undoped  In0.2Ga0.sAs  quantum  well,  100  A _ 

Undoped  GaAs  barrier,  100  A 

Undoped  Inft  iGaosAs  quantum  well,  100  A _ 

Undoped  GaAs  barrier,  100  A _ 

/i-AlxGai_xAs  linearly  graded  from  x  =  0  to  0.3, 1000  A,  Te  doped  5xl017  cm'3 
H-Alo.3Gao.7As  cladding  layer,  1  pm,  Te  doped  5xl017  cm'3 


n-GaAs  buffer  layer,  7500  A,  Te  doped  2xl017  cm'3 
/i-GaAs  substrate,  150  pm,  Si  doped  1018  cm  3 


H-metal,  Ge:  250  A/Au:  550  A/Ni:  150  A/Au:  2000  A 


Fig.  1.  Schematic  structure  of  a  laser  fabricated  from  wafer  EMC6979. 

2.2.  Electrical  and  Optical  Characterization 

Routine  characterization  data  of  I-V  and  L-I  curves  were  collected.  An  ILX  Lightwave  modular  laser  controller  LDC- 
3900  (CW)  was  used  as  current  source  for  the  lasers.  A  Keithley  200  multimeter  was  used  to  measure  the  voltage.  An 
1830-C  power  meter  and  an  818-Si-1035  detector  were  used  to  detect  the  light  output  from  the  laser  facet.  The  data  were 
assembled  and  processed  by  a  computer  running  LabVIEW.  The  measurements  were  conducted  in  steps  of  5  mA  in  the 
range  from  zero  to  1000  A.  The  lasers  were  placed  on  a  thermostabilized  holder  and  a  constant  temperature  of  10  °C  was 
maintained  during  tests  under  dc  bias. 

Fig.  2  illustrates  typical  I-V  and  L-I  characteristics  of  the  long-cavity  lasers.  The  threshold  current  is  -710  mA,  as 
confirmed  by  a  kink  in  the  differential  IdU/dl  curve.  The  threshold  current  density  at  10  °C  is  270  A/cnr.  The  series 
resistance  of  the  device,  extracted  from  the  differential  IdU/dl  characteristic,  is  0.455  LI.  and  the  junction  voltage  Vpn 
above  threshold  is  1.2458  V.  The  voltage  saturation  above  the  threshold  is  quite  complete  before  kinks  at  L-I  curve. 
Notice  that  the  photon  energy  of  laser  emission  is  1.238  eV,  i.e.  7.2  meV  lower  than  the  quasi-Fermi-level  separation  in 
the  active  region. 
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Fig.  2.  Basic  characterization  data  of  a  4987-pm-long  50-pm-wide  diode  laser  operating  cw  at  10  °C.  P  -  optical  power,  U  -  diode 
voltage,  I  -  current.  Vpn  -the  junction  voltage  (after  subtraction  from  U  the  voltage  drop  due  to  series  resistance),  IdU/dl-  differential 
I-V curve  demonstrating  a  kink  associated  with  lasing  threshold  at  -710  mA. 

2.3.  Optical  Emission  Spectra 

The  optical  output  from  the  laser  was  collected  with  a  collimating  lens  and  focused  onto  the  entrance  slit  of  a 
monochromator  (CVI  DK  480)  with  the  maximum  resolution  of  0.03  nm.  The  scan  step  was  0.01  nm  and  the  entrance 
and  exit  slits  were  set  to  40  pm.  As  previously,  the  laser  was  placed  on  a  thermostabilized  holder  and  the  temperature  of 
10  °C  was  maintained  during  measurements  under  dc  current  injection. 

Using  the  known  parameters  such  as  central  wavelength  of  1  pm,  cavity  length  of  5  mm  and  group  index  wg  of  3.9 
(calculated  from  the  spectra  of  a  short  cavity  edge-emitting  laser  cleaved  from  the  same  bar),  the  longitudinal  mode 
spacing  for  a  5-mm-long  laser  can  be  estimated  as: 


A,  A?  .  X2 
AA  = - Av  =  — 


A2 


(lOOOnrn)2 


2  n%L 


2n&L 


2x3.9x5000x10  nm 


=  0.0256  nm 


(1) 


Av  =-“AA.  =  7.69  GHz  .  (2) 

A" 

As  indicated  by  Eq.  (1),  the  longitudinal  mode  spacing  is  smaller  that  the  resolution  of  the  monochromator.  Therefore, 
we  do  not  expect  to  be  able  to  resolve  the  individual  longitudinal  modes. 

Fig.  3(a)  shows  a  spontaneous  emission  spectrum  at  an  injection  current  lower  than  the  lasing  threshold.  The  spacing 
between  the  longitudinal  modes  shown  in  Fig.  3(a)  is  -0.03  nm  (limited  by  the  monochromator  resolution).  Fig.  3(b) 
shows  laser  emission  spectra  at  four  values  of  injection  current.  It  can  be  seen  that  the  emission  intensity  increased  when 
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the  injection  current  was  increased  from  800  to  850  mA,  but  decreased  when  injection  current  reached  875  mA.  We 
attribute  this  reduction  in  the  output  power  to  internal  heating  of  the  active  region.  The  spectra  shown  in  Fig.  3(c)  were 
measured  four  times  at  intervals  of  about  10  minutes  between  scans,  and  demonstrate  good  long-term  stability,  as  the 
successive  scans  could  be  superimposed  on  each  other  with  no  discernible  changes  of  spectral  features. 
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Wavelength[nm] 
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Fig.  3.  Optical  emission  spectra  from  a  4987-pm-long  50- pm- wide  diode  laser  operating  cw  at  10  °C. 

(a)  Spontaneous  emission  spectrum  taken  at  the  pumping  level  of  650  mA; 

(b)  Laser  emission  spectra  taken  at  four  values  of  injection  current; 

(c)  Laser  emission  spectra  measured  four  times  at  intervals  of  about  10  min  between  scans  at  a  fixed  current  of  850  mA. 

2.3.1.  FTIR  Measurements 

In  order  to  resolve  the  multi-longitudinal-mode  spectra,  the  optical  output  from  the  long-cavity  lasers  was  analyzed  using 
a  Nicolet  Magna- IR  760  Fourier  Transform  Infrared  (FTIR)  spectrometer  with  -  0.0125  nm  resolution.  The  emission 
from  the  laser  was  collected  with  an  objective  lens  and  focused  onto  the  entrance  slit  of  the  FTIR  spectroscope.  The  laser 
was  pumped  by  a  quasi-cw  current  source  with  95%  duty  cycle. 

Typical  optical  emission  spectra  are  shown  in  Fig.  4  for  two  different  pumping  levels.  Multimode  operation  can  be 
clearly  seen,  with  periodic  longitudinal  mode  spectral  structure.  The  longitudinal  mode  spacing  is  -0.026  nm, 
corresponding  to  the  effective  modal  index  of  3.83.  The  main  emission  line  is  slightly  above  1001  nm,  with  -60 
subsidiary  longitudinal  modes  spanning  the  range  between  999.5  and  1001.3  nm. 

The  FFT  analysis  of  optical  spectra,  shown  in  Fig.  5,  gives  the  mode  spacing  frequency  between  adjacent  longitudinal 
modes  Av  =  7.98  GHz,  and  2Av  =  15.9  GHz. 

3.  DIRECT  MEASUREMENTS  OF  MODE  BEATING  IN  MICROWAVE  SPECTRA 

The  experimental  setup  for  beat  frequency  measurements  is  shown  in  Fig.  6.  The  measurements  were  performed  by 
coupling  the  optical  output  via  an  optical  fiber  into  a  fast  speed  photodetector  (Newport  1014).  The  output  of  the 
photodetector  was  amplified  by  two  serially  connected  30-dB  electrical  signal  amplifiers,  and  then  analyzed  by  a 
electrical  spectrum  analyzer  (HP  7000  series).  The  combined  bandwidth  of  the  system  was  up  to  22  GHz.  The  laser  was 
placed  on  a  thermostabilized  holder  and  the  temperature  of  10  °C  was  maintained  during  tests  under  dc  current  injection. 
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Fig.  4.  Optical  emission  spectra  from  a  4987-pm-long  50-pm-wide  diode  laser  obtained  using  Fourier-transform  infrared  spectrometer. 
Multiple  longitudinal  modes  can  be  clearly  seen,  with  the  main  emission  line  slightly  above  1001  nm. 
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Fig.  5(a).  The  optical  spectrum  from  a  4987-pm-long  50-pm-wide  diode  laser  (insert)  and  its  FFT  at  the  pumping  current  of  600  niA. 
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Fig.  7.  Typical  microwave  spectra  of  the  detected  laser  emission  at  different  injection  current.  Stable  mode  beating  peaks  are  seen  near 
8  and  16  GHz.  A  current-dependent  peak  at  1-2  GHz  is  due  to  the  relaxation  resonance  in  the  laser. 

The  survey  rf  spectra  are  shown  in  Fig.  7.  A  current-dependent  peak  associated  with  relaxation  oscillations  in  the  laser 
appears  above  the  pumping  level  of -770  mA.  The  frequency  fr  of  this  peak  increase  roughly  in  proportion  with  a  square 
root  of  the  optical  power,  in  agreement  with  the  rate  equation  analysis.  It  reaches  -2  GHz  at  the  injection  current  of  1  A. 
Relatively  stable  peaks  at  -8  and  -16  GHz  are  attributed  to  longitudinal  mode  beating,  as  they  correspond  very  well  with 
the  longitudinal  mode  beating  frequencies  Av  and  2Av  derived  from  optical  spectra.  All  the  RF  peaks  disappear  when  the 
output  beam  coupling  into  the  fast  detector  is  blocked.  This  proves  that  the  8  GHz  signal  and  its  second  harmonic  aie  not 
produced  by  electromagnetic  interference  from  cell  phone  and  decimeter  TV  communications. 

Shifts  of  the  rf  spectrum  peak  positions  with  the  pumping  current  are  shown  in  Fig.  8.  Table  1  contains  numerical  data 
about  position  and  full  width  at  half  maximum  (FWHM)  of  the  observed  peaks.  The  FWHM  of  mode  beating  peaks  Av 
and  2Av  at  1  A  is  23  MHz  and  63  MHz,  respectively,  while  the  FWHM  of  the  relaxation  oscillation  peak  is  69  MHz.  The 
latter  peak  seems  quite  narrow,  indicating  a  possibility  of  quasi-regular  pulsations  rather  than  random  fluctuations.  Some 
narrowing  of  the  mode-beat  linewidths  with  increasing  current  can  be  an  indication  of  a  self-induced  beat-frequency 
locking  [Lamb  1964]. 

Table  1.  Peak  positions  and  full  width  of  half  magnitude  (FWHM)  for  oscillation  and  beat  signal 


Current 

[mA] 

Relaxation  oscillation 
frequency  f 

1st  beat  frequency  Av 

2nd  beat  frequency  2Av 

Peak  position 
[GHz] 

FWHM 

[GHz] 

Peak  position 
TGHz] 

FWHM 

[GHz] 

Peak  position 
[GHz] 

FWHM 
[GHz]  | 

776 

0.67 

— 

7.87 

— 

15.7 

— 

850 

1.2 

0.12 

7.87 

0.066 

15.7 

0.068 

900 

1.5 

0.12 

7.87 

0.08 

15.7 

0.027 

950 

1.7 

— 

7.96 

0.022 

15.8 

0.112 

1000 

2.05 

0.069 

8.1 

0.023 

15.8 

0.063 
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Fig.  8.  RF  spectral  peak  positions  versus  injection  current:  f  is  the  relaxation  oscillation  peak,  Av  and  2Av  are  longitudinal  mode 
beating  peaks  for  adjacent  modes  and  for  the  next-nearest-neighbor  modes,  respectively.  The  relaxation  oscillation  frequency  fx  is 
fitted  by  the  square-root  dependence  on  the  optical  power  P  minus  the  power  Pth  near  the  threshold,  representing  the  power  of 

spontaneous  emission. 

The  relaxation  oscillations  are  produced  by  non-stationary  variations  of  the  refractive  index  under  the  influence  of 
varying  carrier  density.  According  to  the  rate  equation  analysis,  the  relaxation  oscillation  frequency  f  increases  in 
proportion  with  the  square  root  of  (/-  7t h),  as  given  by  the  following  equation: 

Tvaci 

/,  ■=  2nf— J-U(/ -IJt  (3' 

qV 

hi  Fig.  9,  the  curve  of  relaxation  oscillation  peak  positions  versus  injection  current  is  shown  and  it  is  fitted  by  an 
expression  corresponding  to  Eq.  (3). 

A  simple  structure  of  the  mode-beating  peaks  and  their  relatively  narrow  linewidth  indicate  quite  low  dispersion  of  the 
group  index  in  the  active  waveguide  (especially  since  numerous  modes  are  expected  to  contribute  to  the  beating  signal). 
The  linewidth  of  the  Av-peak  can  be  narrower  than  the  linewidth  of  the  individual  mode  of  lasing  because  fluctuations  of 
the  material  optical  parameters  could  affect  the  instantaneous  frequency  of  the  modes  in  the  same  manner.  Therefore, 
they  are  eliminated  in  the  integrated  rf  spectrum.  For  example,  self-sustained  pulsations  result  in  a  frequency  chirp,  thus 
broadening  the  dynamic  linewidth  of  individual  modes.  The  chirp  is  produced  by  non-stationary  variations  of  the 
refractive  index  caused  by  variation  in  the  carrier  density  [Eliseev  1979].  However,  the  longitudinal  mode  spacing  can 
still  remain  quite  constant,  producing  the  narrow  beat  peak.  The  spectral  resolution  in  the  FTIR  measurements  of  optical 
spectra  is  0.0125  nm  (3.75  GHz).  Thus,  the  observed  rf  spectra  indicate  that  the  broadening  due  to  the  chirp  has  to  be 
smaller  than  -3.75  GFlz. 
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Fig.  9.  The  relaxation  oscillation  peaks  versus  drive  current  and  its  fit. 

At  currents  exceeding  950  mA,  the  beat  peaks  drift  slightly  towards  higher  frequencies.  This  drift  is  smaller  than  1%  in 
the  2Av-peak,  and  smaller  than  3%  in  the  Av-peak.  Most  likely  it  is  caused  by  some  heating  of  the  active  medium  as  the 
refractive  index  of  semiconductor  media  at  constant  wavelength  increases  along  with  temperature  rise. 

4.  CONCLUSIONS 

hi  conclusion,  we  have  observed  mode  beating  spectra  at  frequencies  Av  and  2Av  in  free-running  long-cavity  diode 
lasers  and  measured  corresponding  peak  positions  and  linewidths.  The  beating  frequency  of  adjacent  longitudinal  modes 
in  a  5-mm  long  diode  is  ~8  GHz.  The  relaxation  oscillation  peak  was  also  recorded.  We  believe  this  paper  reports  the 
first  experimental  observation  of  mode  beating  at  doubled  frequency  spacing  2Av. 
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Abstract 

Chaos  synchronization  in  polarization  selected  mutually  coupled  vertical-cavity  surface-emitting  semiconductor  lasers 
(VCSELs)  is  experimentally  investigated  in  a  low-frequency  fluctuation  regime.  Two  lasers  synchronize  in  one  of  the 
orthogonal  polarization  modes  selected  for  synchronization.  The  counterpart  polarization  components  also  show 
synchronized  outputs  due  to  anti-phase  oscillations  of  VCSELs. 

Keywords:  VCSELs,  chaos,  injection  locking,  polarization 

1.  Introduction 

Vertical-cavity  surface— emitting  lasers  (VCSELs)  have  been  studied  extensively  in  the  past  decade  because  of 
several  useful  characteristics  which  make  them  very  attractive  for  practical  applications.  Indeed,  they  show  many 
advantages  over  ordinary  edge-emitting  semiconductor  lasers,  such  as  their  small  size,  emission  of  ciiculai  beam,  and 
the  availability  of  a  large-scale  laser  array  sources.  They  exhibit  very  low  laser  threshold  and  have  single  longitudinal 
mode  operation.  Despite  of  then-  high  facet  reflectivity  (more  than  99%),  VCSELs  are  also  sensitive  to  external  optical 
feedback  and  optical  injection  like  edge-emitting  semiconductor  lasers.1'1  Dynamics  and  instabilities  of  VCSELs  due  to 
optical  feedback  and  optical  injection  have  also  been  studied. 

Meanwhile,  chaos  synchronization  has  been  extensively  investigated  in  semiconductor  laser  systems  for  its 
potential  applications  in  chaotic  secure  communications.4'6  Also  chaos  synchronization  in  VCSELs  has  been 
demonstrated  besides  of  systems  of  edge-emitting  lasers.  Up  to  now,  the  present  authors  have  experimentally  examined 
chaos  synchronization  under  mutually  coupled  configurations  of  VCSELs  in  low-frequency  fluctuation  (LFF)  regimes. 
We  have  observed  chaotic  synchronization  in  either  x-  or  y -polarization  component  of  the  lasei  outputs,  or  even  in  both 
for  the  polarization  components  in  VCSELs.  Here,  we  define  y-polarization  mode  as  polaiization  diiection  along  the 
optical  axis  of  the  laser  material  and  x-polarization  mode  as  the  orthogonal  direction  to  the  y-component.  In  chaos 
synchronization  in  VCSELs,  the  polaiization  modes  play  an  important  role.  Under  the  configuration  of  mutually 
coupled  VCSELs  both  for  the  polarization  components,  we  have  observed  three  typical  cases  of  synchronization.  One  is 
the  case  of  chaos  synchronization  under  A'-polarization  mode.  In  this  case,  the  y-polarization  components  also 
synchronize  with  each  other  due  to  anti-phase  oscillations,  which  are  typical  dynamic  characteristics  of  VCSELs.  The 
second  case  is  the  opposite  case  for  the  first  and  is  chaos  synchronization  of  y-polarization  components.  Then  the  A'- 
polarization  components  synchronize  by  anti-phase  oscillations.  The  third  case  is  synchionization  both  foi  x-  and  y- 
polarization  components.  In  the  third  case,  both  polarization  modes  are  chaotically  synchronized. 

In  the  previous  experiments,7  both  of  the  polarization  modes  were  mutually  injected  foi  synchionization.  In  this 
report,  we  experimentally  investigate  chaos  synchronization  in  VCSELs  for  selected  polarization  components.  The 
experimental  configuration  is  almost  the  same  as  the  previous  one  except  for  the  use  of  a  polarized  beam  splitter  to 
select  one  of  the  polarization  modes  in  VCSELs.  We  successfully  observe  chaos  synchronization  for  selected 
polarization  modes.  Under  the  synchronization  condition,  the  counterpart  modes  still  synchronize  due  to  anti-phase 
oscillations  in  VCSELs. 

2.  Experimental 

The  experimental  setup  is  shown  in  Fig.  1.  VCSELs  (AXT  VY-TI1 1-4F01  VCSELs)  used  in  the  experiments 
were  oscillated  at  a  wavelength  of  780  nm  and  a  maximum  optical  power  of  10  mW.  The  y-polarization  oscillation  is  a 
dominant  laser  mode  close  to  the  threshold  (y  is  the  direction  along  the  optical  axis  of  laser  material).  The  A'-polarization 
mode  is  here  defined  as  the  counterpart  oscillation  perpendicular  to  the  y-polarization  mode.  With  the  increase  of  the 
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Fig.  I  Experimental  setup.  PBS:  polarization  beam  splitter,  BS:  beam  splitter,  01:  optical  isolator,  PL:  polarizer. 


injection  current,  the  output  power  of  the  A-poiarization  mode  increased  and  had  a  comparable  power  with  that  of  the  y- 
polarization  mode,  although  the  light  output  of  the  A-polarization  mode  was  always  lower  than  that  of  the  y-polarization 
mode.  The  two  lasers  were  mutually  coupled  through  a  polarization  beam  splitter  PBS  to  select  a  particular  polarization 
mode,  thus  VCSEL1  was  injected  by  VCSEL2  and  VCSEL2  was  also  injected  by  VCSEL1  for  the  polarization 
oscillations.  A  neutral  density  filter  NDF  was  used  to  control  the  injection  strength.  The  bias  injection  currents  of  the 
two  lasers  were  controlled  by  stabilized  current  source  drivers,  and  the  laser  temperature  was  stabilized  by  automatic 
temperature  control  circuits.  The  two  lasers  used  in  our  experiments  had  similar  values  of  the  device  parameters  with 
each  other.  In  spite  of  the  similar  device  parameters,  each  VCSEL  showed  quite  different  characteristics  of  the 
oscillation  for  the  threshold  injection  current  and  the  L-I  characteristics  including  a-  and  y-polarization  outputs. 

The  free-running  threshold  currents  of  VCSEL1  and  VCSEL2  were  6.2  and  6.4  mA  at  temperature  of  25.8 
degree,  respectively.  The  injection  currents  for  VCSEL1  and  VCSEL2  were  biased  slightly  above  the  threshold  currents. 
At  the  bias  injection  current,  the  output  power  of  the  A-polarization  mode  of  VCSEL  1  was  very  low  and  it  oscillated  at 
almost  only  y-polarization  mode.  On  the  other  hand,  comparable  output  power  for  the  y-  and  A-polarization  modes  was 
observed  in  VCSEL2.  Under  these  conditions,  the  lasers  were  oscillated  at  their  lower  order  spatial  modes  (LP0i  and 
LPn  modes).  Each  spatial  mode  was  stable  at  solitary  oscillation.  The  two  lasers  were  separated  120  cm  in  space. 
Therefore,  the  coupling  time  of  light  between  the  two  lasers  was  x=4  ns.  The  outputs  from  the  two  lasers  were  detected 
by  a  high-speed  photo-detector  (NEW  FOCUS  1537M-LF:  bandwidth  of  6.0  GHz).  Chaotic  waveforms  were  analyzed 
by  a  RF  spectrum  analyzer  (HP  8595E:  bandwidth  of  6.5  GHz)  and  a  fast  digital  oscilloscope  (HP  54845 A:  bandwidth 
of  1.5  GHz).  Also,  the  optical  outputs  were  analyzed  by  an  optical  spectrum  analyzer  (ADVANTEST  Q8344A, 
maximum  resolution  of  0.05  nm),  a  wavelength  meter  (ADVANTEST  QT8325,  maximum  resolution  of  0.001  nm),  and 
a  Fabry- Perot  spectrometer  (free  spectral  range  of  10GHz). 
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Fig.  2  Time  series  of  y-polarization  modes  at  synchronization.. 


VCSEL1  Output 


Fig. 3  Correlation  plot. 


3.  Results  and  discussion 

We  first  show  the  results  for  mutually  coupling  of  the  y-polarization  components  at  the  bias  injection  currents 
of  6.9  mA  (1.11/,/,,  where  /,,,  is  the  laser  threshold  current)  for  the  VCSEL1  and  7.1  mA  (1.15/,,,)  for  the  VCSEL2,  where 
the  temperatures  were  fixed  at  25.5  and  25.8  degrees,  respectively.  Figure  2  show  time  series  of  the  two  laser  outputs  for 
the  y-polarization  components.  We  can  see  low-frequency  fluctuations  (LFFs)  in  the  waveforms,  which  have  been 
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Fig.  4  Optical  spectra  of  laser  oscillation  for  (a)x-  and  (b)  v-polarization  modes. 

Solid  line:  VCSEL1,  broken  line:  VCSEL2 

recently  observed  in  VCSELs  with  optical  feedback.2  LFF  is  one  of  chaotic  oscillations  in  semiconductor  lasers  and  has 
sudden  power  dropouts  and  stepwise  power  recovery  to  the  steady  state  following  the  dropout.  The  time  duration  of 
each  step  in  the  power  recovery  process  is  equal  to  the  round-trip  time  2x  of  light  in  the  mutual  optical  injection  system. 
In  this  figure,  VCSEL1  was  a  leader  to  VCSEL2  and  the  time  lag  between  the  waveforms  was  to  be  read  4  ns,  which  is 
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Table  1  Wavelength  and  output  power 


VCSEL1 

VCSEL2 

X  wavelength 

solitary 

778.884  [nm] 

778.880 

coupled 

778.902 

778.914 

Y  wavelength 

solitary 

778.902 

778.882 

coupled 

778.911 

778.911 

X  output  power 

solitary 

17.33  [pW] 

92.24 

coupled 

18.37 

38.79 

Y  output  power 

solitary 

146.07 

223.63 

coupled 

442.73 

584.12 

equal  to  the  coupling  time  x  of  light  between  the  two  lasers.  Figure  3  is  correlation  plot  between  the  two  waveforms. 
The  correlation  coefficient  was  calculated  to  be  0.816.  Since  optical  power  of  x-polarization  components  were  too  weak, 
we  could  not  observe  the  time  variations  for  that  components  by  our  detector.  But  we  can  expect  that  the  x-polarization 
mode  of  each  VCSEL  was  oscillated  at  out-of-phase  with  the  y-polarization  component.  We  will  refer  to  this  point  in 
the  following  experiment. 

Figure  4  shows  the  optical  spectra  of  the  output  powers  at  solitary  and  mutually  coupled  oscillations  observed 
by  the  optical  spectrum  analyzer.  Table  1  is  a  summary  of  the  data  analyzed  by  the  wavelength  meter  and  the  power 
meter.  These  data  correspond  to  the  laser  oscillations  in  Fig.  2.  The  upper  and  lower  traces  in  Fig.  4  are  the  spectia  at 
solitary  and  optically  coupled  oscillations,  respectively.  Peak  optical  powers  of  the  obseived  spectra  for  each 
polarization  component  were  normalized  to  the  maximum  intensity  among  the  polarization  components.  After  the 
optical  coupling,  the  power  of  the  y-component  was  amplified,  while  that  of  the  x-polarization  component  was  reduced. 
The  wavelengths  of  the  both  lasers  were  shifted  due  to  the  mutual  optical  injection.  After  optical  coupling,  the 
oscillation  wavelengths  of  the  v-polai'ization  components  coincided  with  each  other  at  778.91 1  nm.  The  wavelengths  of 
the  y-polarization  modes  were  locked  at  778.911  nm  by  the  mutual  optical  injection,  while  the  x-components  had 
different  wavelengths.  It  is  considered  that  the  oscillation  of  the  y-polarization  mode  of  VCSEL2  was  locked  to  that  of 
VCSEL1  and  the  two  lasers  synchronized  at  that  wavelength. 

We  also  examined  mutually  coupling  of  the  x-polarization  oscillations.  Synchronization  of  chaotic  oscillations 
was  obtained  for  the  bias  injection  currents  of  7.9  mA  (1.267,/,)  for  the  VCSEL1  and  7.6  mA  (1.197,/,)  for  the  VCSEL2, 
where  the  substrate  temperatures  were  fixed  at  25.5  and  25.8  degrees,  respectively.  From  the  observed  optical  spectia,  it 
was  judged  that  the  two  lasers  chaotically  synchronized  at  x-polarization  components.  However,  the  output  powers  for 
the  x-polarization  components  were  so  low  that  we  could  not  observed  chaotic  variations  for  the  components.  The 
optical  powers  of  the  x-polarization  components  were  amplified  by  optical  injection,  but  the  optical  powers  were 
insufficiency  to  detect  by  our  detector.  Instead,  we  observed  the  output  powers  of  the  y-components.  Figure  5  shows 
time  series  of  the  y-polarization  components  for  the  two  laser  outputs.  We  can  see  chaotic  waveforms.  The  obseived 
waveforms  did  not  show  clear  low-frequency  fluctuations,  however  it  was  still  not  a  fully  developed  chaotic  variations 
as  observed  from  the  waveforms.  These  oscillations  are  originated  from  anti-phase  oscillations  which  are  the  typical 
feature  of  VCSELs.  In  this  case,  VCSEL2  was  a  leader  to  VCSEL1  and  the  time  lag  between  the  waveforms  was  to  be 
read  as  4  ns.  The  correlation  coefficient  was  0.677  (Fig.  6).  Since  the  synchronization  of  the  y-components  was  attained 
via  anti-phase  oscillations  for  chaotic  synchronization  of  the  x-components,  the  correlation  coefficient  was  less  than  that 
calculated  from  Fig.  3. 

Figure  7  shows  the  optical  spectra  at  solitary  and  mutually  coupled  oscillations  observed  by  the  optical 
spectrum  analyzer.  Table2  is  a  summary  of  the  data  analyzed  by  the  wavelength  meter  and  the  power  meter.  These  data 
correspond  to  the  laser  oscillations  in  Fig.  5.  Peak  optical  powers  of  the  observed  spectra  were  also  normalized  to  the 
maximum  intensity  among  the  polarization  modes.  Before  optical  coupling,  the  output  powei  foi  thex-polaiization  was 
very  low  but  it  showed  significant  power  after  optical  injection.  On  the  other  hand,  the  output  power  of  the  y- 
polarization  is  reduced.  The\vavelengths  of  the  y-components  were  shifted  due  to  the  mutual  optical  injection.  There  is 
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still  a  small  wavelength  difference  between  the  x-polarization  components  at  mutual  coupling.  It  seemed  that  two  spatial 
modes  were  oscillated  simultaneously  and  the  observed  peak  frequency  of  VCSELI  was  shifted  toward  higher 
wavelength.  But  it  was  still  considered  that  the  two  lasers  chaotically  synchronized  at  the  x-polarization  modes  and  the 
jc-polarization  mode  of  VCSEL2  was  locked  to  that  of  VCSELI.  On  the  other  hand,  the  y-components  had  a  significant 
difference  of  the  wavelength  and  the  wavelength  difference  was  0.035  nm. 


0  100  200  300  400 

Time  [ns] 

Fig.  5  Time  series  of  y-polarization  modes  at  synchronization. 


T - 1  I  I  I  I 


■  1  1  1  »  * 

VCSELI  Output 


Fig.  6  Correlation  plot. 
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Fig.  7  Optical  spectra  of  laser  oscillation  for  (a)  a-  and  (b)  y-polarization  modes. 

Solid  line:  VCSEL1,  broken  line:  VCSEL2 

4.  Conclusion 

We  have  experimentally  demonstrated  synchronization  of  chaotic  oscillations  in  polarization  selected  mutually 
coupled  VCSELs.  In  chaos  synchronization  in  VCSELs,  the  polarization  modes  play  an  important  role.  If  y-polarization 
components  are  injected,  chaos  synchronization  will  occur  in  y-polarization  components.  At  a  result,  the  optical  outputs 
of  the  y-polarization  modes  of  both  VCSELs  are  amplified.  On  the  other  hand,  the  outputs  of  the  A-polarization  mode 
decreases  and  they  synchronize  due  to  anti-phase  oscillations.  When  A-polarization  components  are  injected,  the  same 
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tendency  were  observed,  namely,  the  A-polarization  modes  were  injection-locked  and  the  A-polarization  modes  were 
amplified  accompanying  the  decrease  of  the  output  power  in  the  y-polarization.  The  scheme  of  synchronization  depends 
on  the  parameter  conditions,  such  as  device  parameters,  bias  injection  current,  and  other  experimental  configurations. 
They  also  determine  a  leading  (master)  or  lagging  (slave)  laser  in  the  synchronization  system.  Although  we  have 
focused  on  the  operation  under  lower  order  spatial  modes,  chaos  synchronization  is  expected  to  be  occurred  at  multi¬ 
modes  oscillations.  We  have  only  examined  chaos  synchronization  at  LFF  regimes  under  low  bias  injection  current.  At 
higher  bias  injection  current  in  VCSELs,  we  can  still  expect  chaos  synchronization  with  multi-mode  oscillations  of  the 
spatial  modes.  There  are  a  few  studies  of  chaos  synchronization  in  VCSELs,  since  it  is  not  easy  to  realize  chaos 
synchronization  not  only  for  polarization  modes  but  also  for  spatial  modes.  But  the  study  is  very  important  for  a 
viewpoint  of  practical  applications,  since  VCSELs  are  the  promising  light  sources  for  the  future  optical 
communications. 


TABLE  2  Wavelength  and  output  power 


VCSEL1 

VCSEL2 

X  wavelength 

solitary 

778.982  [nm] 

778.892 

coupled 

778.922 

778.916 

Y  wavelength 

solitary 

778.913 

778.915 

coupled 

778.941 

778.906 

X  output  power 

solitary 

30.32  |mW] 

41.47 

coupled 

366.96 

115.02 

Y  output  power 

solitary 

613.20 

438.46 

coupled 

263.84 

258.18 
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ABSTRACT 

We  have  developed  a  fiberoptics  setup  which  can  be  easily  specialized  with  minor  changes  to  implement  different 
schemes  of  optical  chaos  generation  and  synchronization  using  semiconductor  lasers.  Long  and  short  cavity,  open  and 
closed  loop  configurations  have  been  compared,  as  well  as  various  encoding/decoding  methods  for  secuie  tiansmission 
based  on  chaotic"  carriers,  such  as  CSK  (Chaotic  Shift  Keying).  ACM  (Additive  Chaotic  Masking),  CM  (Chaos 
Modulation).  Different  transmission  media,  possibly  including  optical  amplifiers,  have  been  also  tested. 

Keywords:  Chaos,  synchronization,  cryptography,  injection,  semiconductor  laser 

1.  INTRODUCTION 

In  the  last  years,  synchronization  of  chaotic  semiconductor  lasers  has  been  proposed  in  several  papers  [1-8]  as  a  method 
to  implement  secure  data  transmission  on  an  optical  link.  Basically,  this  approach  consists  in  hiding  a  message  into  the 
deterministic,  yet  veiy  complex,  waveform  generated  by  a  chaotic  laser.  In  most  schemes,  chaos  generation  is  based  on 
delayed  optical  feedback  from  an  external  minor  [3-8]  (Fig.l).  since  with  this  approach  the  amplitude  and  bandwidth  of 
chaos  can  be  easily  controlled  by  acting  on  the  mirror  aligmnent.  A  suitable  method  for  message  enciyption  consists  of 
simply  adding  it  to  chaos,  as  in  Fig.2.  The  composite  signal  is  then  transmitted  through  the  fiber  link.  and.  if  the  signal  is 
small  enough"  it  is  efficiently  hidden  both  in  the  time  and  in  the  frequency  domain.  Message  extraction  is  usually  based 
on  a  master/slave  synchronization  scheme:  another  laser  (the  slave)  is  used  at  the  receiver,  whose  parameters  are 
matched  with  those  of  the  transmitter  laser  (the  master).  The  composite  waveform  (chaos  +  message)  from  the  optical 
link  is  injected  into  the  slave.  Under  suitable  operating  conditions,  one  can  force  the  second  laser  to  synchronize  to  the 
master  chaos,  (which  means  that  it  generates  almost  exactly  the  same  chaotic  waveform),  without,  however, 
synchronizing  the  message.  Thus,  the  message  can  be  extracted  by  making  the  difference  between  the  received 
composite  signal  and  the  recovered  chaotic  waveform.  The  degree  of  matching  required  between  master  and  slave  for 
efficient  synchronization  is  significantly  high,  which  means,  for  example,  that  the  lasers  have  to  be  selected  from  the 
same  wafer.  The  laser  couple  thus  represents  the  (hardware)  ciyptographic  key. 

The  scheme  outlined  above  is  usually  referred  to  as  Additive  Chaos  Masking  (ACM),  and  may  be  implemented  by  using 
a  third  laser  modulated  in  amplitude  by  the  analog  or  digital  message,  whose  output  is  combined  with  the  chaotic 
waveform.  Such  laser  should  be  at  the  same  wavelength  as  master  and  slave  to  prevent  an  eavesdropper  from  extracting 
the  message  by  optical  filtering.  Other  approaches  are  possible  [5.  8],  such  as  Chaos  Shift  Keying  (CSK),  where  the 
message  directly  modulates  the  transmitter  laser  pump  current,  and  Chaos  Masking  (CM),  where  the  message  is  applied 
to  the  chaotic  waveform  by  an  external  amplitude  modulator. 

Much  theoretical  and  numerical  work  has  been  performed  on  such  topic,  usually  based  on  the  well-known  Lang- 
Kobayashi  model  [9];  more  advanced  detection  methods  have  been  also  proposed,  such  as  those  based  on  the 
Kapitaniak  approach  [6],  Also,  chaos  generation  may  use  other  schemes,  such  as  a  two-laser  injection  system  [10]. 
However,  delayed  optical  feedback  for  chaos  generation,  and  direct  injection  of  the  master  into  the  slave  for 
synchronization,  are  by  far  much  easier  to  implement  than  more  advanced  schemes,  and  have  been  used  in  virtually  all 
experimental  implementations  reported  in  the  literature.  In  this  framework,  two  main  cases  may  be  considered, 
depending  on  the  slave  alone  being  intrinsically  chaotic  or  stable.  The  first  case  is  referred  to  as  'closed  loop';  the  second 
case,  where  the  slave  simply  copies,  because  of  injection,  the  master  chaos,  is  referred  to  as  'open  loop’. 

Another  important  distinction  is  based  on  the  length  L  of  the  external  laser  cavity,  i.e..  the  distance  between  the  laser 

*  valerio.annovazzi@unipv.it;  phone  +39  0382  505596;  fax  +39  0382  422583;  optoele.unipv.it 
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Fig.l  Delayed  optical  feedback  on  a  laser  from  a  remote  mirror. 


message 


message 


Fig. 2  Basic  ACM  scheme:  the  master  is  a  laser  routed  to  chaos  as  in  a);  the  slave  may  be  a  chaotic  laser  (closed  loop)  or  a  solitary 

laser  (open  loop). 


facet  and  the  external  mirror  (Fig.l).  Defining  /  =  c/fr ,  where  fr  is  the  laser  relaxation  frequency,  if  L>/  the  laser  is  said 
to  work  in  the  'long  cavity'  regime,  while  for  L<  /  it  is  said  to  work  in  the  'short  cavity’  regime.  Both  cases  have  been 
investigated  in  the  literature,  and  both  may  be  considered  for  cryptographic  applications  [4,  10-12],  In  the  following,  we 
assume  that  the  injected  light  is  always  polarized  in  the  same  direction  as  the  laser  emission,  and,  in  addition,  that  L  is 
shorter  than  the  coherence  length  of  the  source.  These  assumptions  are  satisfied  in  most  experiments  reported  in  the 
literature.  However,  the  incoherent  case  has  been  also  investigated  [13]. 

Experimental  studies  on  cryptography  based  on  chaotic  lasers  require  to  compare  different  encryption  methods  and 
detection  schemes,  each  with  a  specific  setup  configuration.  Also,  the  evaluation  of  the  degree  of  matching  required  for 
efficient  synchronization,  a  key  issue  for  security,  is  based  on  testing  of  several  device  pairs.  Though  such  work  could 
be  performed  in  a  standard  bulk  optics  setup,  the  alignment  procedures  would  be  veiy  time  consuming.  For  this  reason, 
we  have  developed  a  fiber  optics  setup  which  can  be  easily  specialized  with  minor  changes  to  implement  open  and 
closed  loop  schemes  with  long  and  short  cavities.  Also,  CSK,  CM,  ACM  experiments,  as  well  as  transmission  through 
fibers  of  different  length  (including  splices,  connectors,  and  optical  amplifiers),  can  performed  simply  by  inserting  or 
removing  connectorized  components.  In  the  following  we  present  our  fiberoptics  setup,  and  show  some  results  that  we 
have  obtained  for  the  case  of  the  short  cavity,  closed  loop  configuration. 

2.  THE  EXPERIMENTAL  SETUP 


The  fiberoptics  setup  is  shown  in  Fig. 3.  It  includes  two  lasers  connected  in  a  master/slave  configuration  through  an 
optical  isolator  which  allows  for  one-way  injection.  The  polarizer  in  front  of  the  slave  ensures  coherent  injection. 
Together  with  the  birefringence  controller,  it  also  allows  for  trimming  the  injected  power  from  the  master  into  the  slave. 

A  fraction  of  the  emission  of  each  laser  is  supplied  to  an  amplified  photodiode  (PD1,  PD2),  for  both  d.c.  power 
detection  (to  be  observed  during  the  alignment  procedures)  and  for  RF  modulation  detection.  The  integrated  indium 
phosphide  photodiode/amplifier  that  we  have  selected  (Optospeed  HRXC10B,  bandwidth  B=8  GHz)  is  used  also  as  a 
partial  minor,  to  reduce  the  setup  complexity.  Indeed,  the  reflected  power  from  the  gold  contacts  and  the  mass  plane 
surrounding  the  photodiode,  which  comes  on  a  chip  carrier,  is  sufficient  to  drive  a  typical  telecommunication  laser  to 
chaos;  moreover,  the  feedback  level  can  be  easily  varied  by  acting  on  the  alignment. 
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The  fiber  setup  can  be  specialized  to  study  both  the  long  cavity  and  the  short  cavity  regimes,  in  open  and  closed  loop 
configurations,  by  a  suitable  selection  of  both  the  shape  of  the  fiber  tips  and  of  the  alignment  of  the  photodiodes.  Foi 
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Fig. 3  The  fiberoptics  setup  for  experiments  on  chaos  cryptography. 

example,  if  the  fiber  end  next  to  the  master  laser  is  angled,  to  avoid  back-reflection,  and  photodiode  PD1  is  aligned,  a 
long  cavity  is  defined  for  the  master  by  the  laser  facet  and  PD1.  On  the  other  hand,  if  the  fiber  termination  next  to  the 
master  laser  is  straight,  and  the  fiber  cut  next  to  the  photodiode  is  angled,  a  short  cavity  (in  the  air)  is  defined  for  the 
master  by  the  laser  facet  and  the  fiber  tip  next  to  it  (photodiode  PD1  should  be  also  slightly  tilted  to  avoid  back- 
reflection).  In  the  first  case,  if  in  addition  the  fiber  from  the  slave  laser  to  photodiode  PD2  is  angled  at  both  ends  (and 
PD2  is  tilted),  the  solitary  slave  laser  is  unperturbed,  and  a  long  cavity,  open  loop,  synchronization  scheme  is  obtained. 
If  instead  the  fiber  termination  next  to  photodiode  PD2  is  straight,  and  the  photodiode  is  aligned,  the  solitary  slave  is 
chaotic,  and  thus  a  long  cavity,  closed  loop  synchronization  scheme  is  obtained.  Similarly,  short  cavity  open  loop  and 
closed  loop  synchronization  experiments  can  be  performed. 

In  our  setup,  the  fiber  tips  are  held  by  ferrules  and  their  position  is  controlled  by  motorized  3-axis  micropositioners  with 
a  resolution  of  50  nm.  This  allows  for  an  accurate  control  of  the  fiber-laser  distance,  as  required  especially  in  short 
cavitv  experiments,  where  subwavelength  variations  of  such  distance  may  strongly  affect  the  lasei  legime  [12].  The 
lasers  are  mounted  on  suitable  holders,  and  their  temperature  is  controlled  within  0.01  K  by  standard  Peltier  modules. 
Temperature  is  selected  so  as  two  match  the  laser  wavelength  within  0. 1  nm.  This  residual  difference  vanishes  when  the 
lasers  synchronize  because  of  injection. 

Synchronization  between  master  and  slave  lasers  can  be  evaluated  either  in  the  time  or  in  the  frequency  domain. 
Photodiode  PD1  can  be  used  to  monitor  the  master  output  during  alignment,  and  for  preliminary  observation  of  the 
generated  chaos.  During  synchronization  experiments  the  master  regime  is  better  observed  at  photodiode  PD3.  In  this 
way,  we  work  in  a  configuration  which  is  much  similar  to  that  encountered  in  a  real  transmission  system,  where  the 
output  of  the  master  photodiode  (PD1)  is  not  available  at  the  receiver  side.  Moreover,  the  propagation  time  along  the 
fiber  trunk  inserted  between  master  and  slave  is  common  to  both.  Thus,  to  compare  master  and  slave  outputs,  one  has 
only  to  compensate  a  relatively  small  differential  delay  between  the  emission  of  the  master  and  that  of  the  slave,  which 
is  done  by  the  variable  RF  delay  line  shown  in  Fig. 3.  The  outputs  of  master  and  slave  can  be  evaluated  by  using  a 
sampling  oscilloscope  or  a  RF  spectrum  analyzer.  A  fast  real  time  oscilloscope  is  required  to  record  time  series,  since 
chaos  is  a  non-periodic  signal.  The  correlation  between  the  chaotic  waveforms  is  calculated  by  processing  the 
oscilloscope  traces  after  acquisition.  Alternatively,  a  x-y  diagram  can  be  observed  diiectly  at  the  oscilloscope. 

However,  the  speediest  way  to  optimize  the  setup  is  probably  to  observe  the  diffeience  between  the  RF  amplifiei 
outputs,  obtained  e.g..  by  passive  sum  of  the  two  signals  after  inverting  one  of  them  by  a  supplementary  amplifier 
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(Fig.3).  In  this  case,  the  delay  line  and  the  whole  setup  are  trimmed  for  the  best  chaos  cancellation.  A  RF  spectrum 
analyzer  gives  an  easy  way  of  performing  such  job  in  real  time  over  the  whole  chaos  bandwidth. 

Different  fiber  lengths  and  types  may  be  inserted  in  the  path  between  the  two  lasers,  as  well  as  splices  and  connectors,  to 
simulate  a  real  point-to-point  connection.  The  effect  of  Erbium  doped,  and  of  semiconductor,  optical  amplifiers  can  be 
also  tested.  In  Fig.3  the  implementation  of  different  encoding  schemes  (ACM,  CSK  and  CM)  is  also  shown. 

In  our  laboratory,  the  fiber  setup  has  been  built  on  an  optical  table  with  pneumatic  quenching.  A  special  effort  has  been 
devoted  to  obtain  two  almost  identical  external  cavities. 

As  already  stated,  a  very  accurate  control  of  length  L  is  required  especially  in  short  cavity  experiments.  To  this  purpose, 
an  improvement  of  the  basic  setup  consists  in  adding  a  built-in  interferometric  measurement  of  the  laser- fiber  distance 
on  both  master  and  slave.  To  avoid  increasing  the  setup  complexity,  the  lasers  themselves  are  used  as  the  optical  sources 
of  two  interferometers.  To  this  end.  each  laser  source  is  operated  in  a  non-chaotic  regime  by  reducing  backreflection  by 
a  small  translation  of  the  fiber  tip  in  a  direction  orthogonal  to  its  axis.  The  obtained  configuration  is  the  so-called 
feedback  interferometer  [14],  which  is  suitable  for  measurement  of  distance  and  vibration  amplitude  on  small  targets, 
suchasMEMS  [15]. 

This  configuration  is  compact  and  it  does  not  need  a  reference  arm.  Its  operating  principle  is  based  on  the  perturbation 
that  the  back-injected  field  from  the  target  induces  in  the  laser.  Under  suitable  operating  conditions,  the  photodetected 
current  at  a  monitor  photodiode  has  the  form  [14]  of  a  typical  interferometric  signal  and  the  target  movement  can  be 
measured  by  fringe  counting.  In  our  case,  since  an  absolute  distance  measurement  is  required  on  a  standing  target,  a 
sweep  in  wavelength  is  given  to  the  laser  [14]  by  a  slow  linear  variation  of  temperature,  in  order  to  develop  fringes.  In 
practical  cases,  where  L  is  of  the  order  of  30  mm,  the  distance  is  measured  with  a  precision  of  a  few  tens  of  pm. 

3.  SYNCHRONIZATION  WITH  SHORT  CAVITY,  OPEN  LOOP 

In  this  section,  we  show  experimental  results  obtained  on  a  couple  of  Optospeed  LCSH1550-DFB  in  our  fiberoptic 
setup.  Such  devices  are  standard  DFB  telecommunications  laser  working  at  a  wavelength  >,=1550  nm.  They  were 
operated  at  a  current  1=  7-20  inA.  for  a  maximum  output  power  P  of  about  7mW.  The  two  lasers  were  selected  among 
devices  built  in  close  proximity  on  the  same  wafer,  and.  after  being  tuned  at  the  same  wavelength  by  temperature,  they 
exhibited  only  1%  difference  both  in  threshold  current  and  in  differential  efficiency. 

In  the  following,  we  focus  on  the  short  cavity,  closed  loop  configuration,  which  represents  a  very  promising  approach 
for  the  practical  implementation  of  optical  chaos  cryptography,  because  of  its  compactness,  stability,  high  allowable 
data  rate. 

To  align  the  setup,  the  master  laser-fiber  distance  was  first  trimmed  for  the  maximum  chaos  amplitude,  which  depends 
on  the  optical  phase  [12].  Then,  accurate  trimming  of  the  phase  of  the  slave  was  performed,  since  the  synchronization 
quality  is  extremely  sensitive  to  the  relative  phase  of  the  laser  cavities  [4].  Finally,  the  injection  level  of  the  master  into 
the  slave  was  optimized. 

The  fiber  path  connecting  the  two  lasers  has  been  progressively  increased  in  length,  starting  from  about  2  m  of  single- 
mode  standard  fiber  (SMR)  of  the  isolator  and  coupler  pigtails,  then  adding  a  piece  of  500  m  and  finally  another  piece 
of  1300  m  of  fiber.  Some  joints  were  made  by  fusion  splicing,  others  by  using  commercial  connectors.  Lossy  splices 
were  made  by  using  short  fiber  pieces  of  different  core  diameters;  additional  losses  were  introduced  by  bending  the 
fiber.  Finally  an  EDFA  amplifier  was  included  to  compensate  for  the  overall  loss.  All  added  devices  were  positioned 
after  the  optical  isolator,  as  shown  in  Fig.3,  to  avoid  unwanted  back-injection. 

Figs. 4  to  8  illustrate  the  synchronization  quality  of  master  and  slave  with  the  above  described  fiber  connection,  for  a 
cavity  length  L=  30  mm.  It  is  interesting  to  observe  that  the  performance  was  essentially  the  same  as  in  the  back  to  back 
experiments  (pigtails  only),  as  long  as  the  optical  amplification  compensated  for  the  fiber  losses.  The  synchronization 
quality  could  be  even  improved  when  optical  amplification  increased  the  injection  level  from  the  master  into  the  slave. 
Similar  results  were  found  by  substituting  the  EDFA  with  a  semiconductor  optical  amplifier. 

Fig.4  shows  a  comparison  of  master  and  slave  RF  spectra  in  optimized  conditions.  A  message  at  3  GHz  is  also  present. 
A  relatively  high  amplitude  has  been  selected  in  this  experiment  to  make  it  visible  in  the  master,  so  that  the  effect  of 
selective  synchronization  of  the  slave  can  be  appreciated.  It  must  be  pointed  out  that  synchronization  quality  cannot  be 
directly  inferred  from  the  diagrams  of  Fig.4,  because  it  is  not  difficult  to  obtain  almost  identical  spectra  from  similar 
lasers  even  with  no  injection.  However,  synchronization  quality  can  be  evaluated  by  a  direct  comparison  of  time  series 
of  the  chaotic  waveforms  of  master  and  slave  in  the  time  domain,  as  shown  in  Fig. 5.  From  the  time  series,  the  master- 
slave  correlation  has  been  also  computed  as  a  function  of  the  differential  delay  x,  and  the  result  is  plotted  in  Fig. 6.  A 
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con  elation  of  more  than  80%  is  found  for  zero  differential  delay.  In  Fig.7.  a  x-y  oscilloscope  plot,  obtained  in  the  same 
conditions,  is  shown. 


Fie.4  Typical  short  cavity  <L=30  nun)  RF  spectra  for  two  synchronized  chaotic  DFB  laser  at  X-1550  mn  in  the  closed  loop 

configuration  (a:  slave,  b:  master). 


Fig.5  Time  series  showing  master/slave  synchronization  in  the  time  domain. 


In  the  frequency  domain,  an  interesting  method  to  evaluate  the  synchronization  quality  is  to  select  the  length  of  the 
delay  line  so  as  to  work  with  a  relatively  large  differential  path.  In  this  case,  different  portions  of  the  two  chaos  spectra 
have  different  relative  phase  difference,  so  that  the  spectrum  of  their  combination  exhibits  several  maxima  (sum)  and 
minima  (difference),  as  shown  in  Fig.8.  Thus,  the  system  can  be  trimmed  by  maximizing  the  distance  between  such 
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maxima  and  minima,  which  is  far  easier  than  minimizing  the  signal  difference  only  (possibly  comparing  it,  at  different 
times,  with  the  master  and  slave  chaos,  or  with  their  sum). 


Fig.6  Correlation  diagram  of  synchronized  master  and  slave. 
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Fig.  7  X-Y  correlation  diagram. 
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Fig.  8  RF  spectrum  of  the  master:/slave  sum  with  uncompensated  time  delay  in  a  short  cavity,  closed  loop  synchronization 

experiment. 


4.  SIGNAL  TRANSMISSION 

Transmission  tests  have  been  performed  with  the  different  methods  shown  in  Fig. 3,  namely,  CSK,  ACM,  CM.  The  first 
scheme  was  implemented  by  modulating  the  pump  current  of  the  laser;  the  second  by  using  a  third  laser  at  the  same 
wavelength  as  the  master/slave  couple;  the  third  by  a  Lithium  Niobate  amplitude  phase  modulator,  inserted  after  the 
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optical  isolator.  The  fiber  link  between  the  master  and  the  slave  included  different  passive  elements,  as  explained  for  the 
synchronization  experiments,  and  possibly  an  optical  amplifier. 

The  different  methods  for  signal  encoding  have  been  studied  theoretically  and  numerically  and  theii  peculiaiities  and 
performances  have  been  pointed  out  [8],  From  the  experimental  point  of  view  a  major  issue  determining  the 
performances  of  all  methods  is  chaos  amplitude,  which  puts  a  limit  to  the  signal  amplitude  which  may  be  safely  masked, 
and,  thus,  to  the  obtainable  S/N  ratio  after  detection.  For  example,  an  ACM  transmission  experiment  is  shown  in  Fig.  9: 
a  sinusoidal  signal  is  hidden  within  the  master  chaos  (upper  trace);  the  signal  is  then  recovered  by  making  the  difference 
between  the  master  and  the  synchronized  slave  outputs  (lower  trace).  Very  similar  diagrams  have  been  obtained  in  our 
setup  with  the  other  two  encoding  methods,  since  the  maximum  allowable  amplitude,  before  the  signal  may  be  spotted 
by  direct  inspection  of  the  spectrum,  is  always  the  same. 


Fig. 9  Example  of  message  transmission  and  detection  in  the 
frequency  domain:  ACM  scheme.  Upper  trace:  master  with 
hidden  message;  lower  trace:  master/slave  difference  with 
extracted  message. 


Fig.  10  Example  of  message  transmission  and  detection  in  the 
time  domain:  low  frequency  PM  scheme.  Transmitted 
message  (upper  trace)  can  be  detected  from  master-slave 
superposition  (middle  trace);  message  cannot  be  detected 
from  master  alone  (lower  trace). 


Still  another  possibility,  which  has  not  been  shown  in  Fig. 2.  is  phase  modulation  (PM)  of  chaos.  It  has  been  observed 
[4]  that  small  variations  of  the  external  cavity  length,  around  a  suitable  bias  point,  hardly  affect  the  RF  spectrum  of 
chaos,  so  that  an  eavesdropper  cannot  detect  a  message  which  modulates  the  optical  phase.  However,  the  correlation 
dearee  between  master  and  slave  strongly  depends  on  the  relative  phase;  thus,  a  signal  obtained  by  linear  superposition 
of  the  master  and  of  the  slave  outputs  varies  in  amplitude  allowing  the  authorized  listener  to  extract  the  hidden  signal  at 
the  receiver.  To  exploit  such  principle,  a  scheme  was  proposed  where  a  relatively  large  digital  signal  switches  the 
master/slave  system  from  synchronization  to  de-synchronization  (ON-OFF  Chaos  Phase  Shift  Keying  [4]). 
Alternatively,  transmission  of  a  small  analog  signal  may  be  considered. 

The  PM  scheme  has  been  implemented  in  our  setup  by  inserting  two  electro-optical  modulators  between  each  laser  and 
its  fiber.  The  modulator  of  the  master  was  used  to  transmit  the  message,  while  that  of  the  slave  was  inserted  just  to 
work  with  identical  external  cavities  at  rest. 

An  example  of  application  of  such  scheme  is  shown  in  Fig.  10  for  a  low  amplitude,  low  frequency  triangular- wave.  The 
upper  trace  represents  the  transmitted  message.  The  trace  at  the  middle  is  the  output  of  an  envelop  detector  fed  by  the 
signal  obtained  by  superposition  of  the  synchronized  master  and  slave  outputs.  For  comparison,  the  lower  trace 
represents  the  output  of  the  envelop  detector  fed  by  the  master  output  only,  from  which  the  signal  cannot  be  extracted. 
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ABSTRACT 

A  direct  experimental  observation  of  chaotic  synchronous  scenarios,  namely  chaotic  optical  modulation,  is  demon¬ 
strated  in  a  unidirectional  chaotic-coupling  semiconductor  laser  system.  In  this  fully  optical  system,  the  channel 
signal  is  different  from  the  output  field  of  the  transmitter  laser  by  an  additional  monochromatic  optical  field. 
Different  from  the  chaos  synchronization  explainable  by  theory  of  chaos  synchronization,  the  output  field  of  the 
receiver  laser  is  not  synchronized  to  that  of  the  transmitter  laser.  Instead,  it  is  synchronized  to  the  channel 
signal.  However,  the  optical  frequency  of  the  receiver  is  not  locked  to  that  of  the  transmitter,  it  is  observed  that 
not  only  is  the  intensity  of  the  receiver  output  is  synchronized  to  that  of  the  channel  signal,  but  also  the  chaotic 
slowly-varying  phase  of  the  receiver.  The  synchronization  of  the  slowly-varying  phase  is  verified  by  optical  inter¬ 
ference  between  the  output  of  the  receiver  and  the  channel  signal,  and  the  interference  result  is  recorded  through 
a  photocletector. 

Keywords:  Chaotic  Synchronization:  Semiconductor  lasers;  Injection  locking;  Optical  Modulation 


1.  INTRODUCTION 

Optical  chaos  synchronization  utilizing  semiconductor  lasers  has  attracted  much  attention  for  its  potential  appli¬ 
cation  in  high-speed  private  communications  and  spread  spectrum  communications.1"6  Based  on  the  mechanisms 
generating  the  chaotic  optical  waveform,  the  systems  utilizing  nonlinearity  of  semiconductor  lasers  to  perfoim 
chaos  synchronization  can  be  classified  as  optical  injection/*8  optical  feedback,9  1-  and  optoelectronic  feed¬ 
back.13’14,6  Following  the  research  in  optical  chaos  synchronization,  besides  the  rarely  observed  chaos  synchro¬ 
nization,  another  synchronous  phenomenon  as  chaotic  driven  oscillation  is  usually  observed  in  optical  feedback 
systems.  The  receiver  duplicates  the  transmitter  output  in  chaos  synchronization,  but  duplicates  the  channel 
signal  in  chaotic  driven  oscillation.  Nevertheless,  both  synchronous  phenomena  require  the  optical  frequency  of 
the  receiver  laser  locked  to  that  of  the  transmitter  laser.10*11*15 

In  this  research,  however,  we  report  an  experimentally  observed  synchronization  of  chaotic  optical  wavefox  ms 
without  the  locking  on  the  optical  frequencies  of  the  transmitter  and  the  receiver.  The  chaotic  wavefox  m  is 
generated  by  the  high-speed  nonlinearity  of  semiconductor  lasers  subject  to  optical  injection.  When  this 
svnclmonous  phenomenon  occui's,  it  is  possible  that  the  channel  signal  as  an  optical  field  is  duplicated  by  the 
x'eceiver  while  the  free- running  oscillation  mode  of  the  receiver  still  exists.  Thei'efore,  the  duplicated  pait  of 
the  receiver  to  the  channel  signal  can  be  verified  through  the  examination  on  the  synchronization  quality  of  the 
chaotic  intensity  after  detectors  and  that  on  the  optical  interfei'ence  between  the  channel  signal  and  the  receiver 
output.  This  synchronous  phenomenon  of  the  receiver  to  the  channel  signal  without  the  locking  on  the  optical 
frequency  does  not  occur  on  the  both  sides  of  the  receiver’s  oscillation  mode  though  the  receiver  is  operated  as 
a  free- running  laser. 
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Figure  1.  Schematic  experimental  setup.  MLD:  blaster  Laser,  TLD:  Transmitter  Laser,  RLD:  Receiver  Laser, 
M:  Mirror,  BS;  Beam  Splitter,  PBS:  Polarized  beam  splitter,  VA:  Variable  Attenuator,  PD:  Photoclectors,  QP: 
quartz  plate,  OS  A:  optical  spectrum  analyzer,  A/2:  Half-wave  Plate 

2.  SETUP  AND  DEVICES  FOR  EXPERIMENT 

The  schematic  setup  of  the  experiment  is  shown  in  Fig.  1.  The  output  of  the  MLD  is  split  into  two  beams  through 
the  beam  splitter  BS2:  The  one  denoted  by  Ei(t)  is  injected  into  the  transmitter  to  drive  the  transmitter  into 
chaotic  states,  and  the  other  beam  denoted  by  E[(t)eie  is  injected  into  the  receiver  together  with  the  output 
of  the  transmitter  at  BS3.  The  existence  of  the  relative  optical  phase  9  can  be  realized  from  the  fact  that  the 
optical  field  of  the  transmitter  encounters  the  output  field  of  the  MLD  twice.  The  first  time  occurs  inside  the 
transmitter  laser,  and  the  second  time  at  BS3.  The  phase  0  defines  the  optical  phase  difference  between  these 
two  encounters  for  the  same  optical  field  of  the  transmitter.8  The  phase  0  is  controlled  by  tilting  QPl  in  a 
small  angle.  Synchronization  on  the  slowly- varying  phase  and  the  fast- varying  phase  is  detected  through  the 
interferometer  highlighted  by  the  dashed  box.  When  sjmchronization  of  both  phases  is  achieved  simultaneously, 
constructive  interference  or  destructive  interference  can  be  detected  by  the  detector  PD3  by  adjusting  the  relative 
optical  phase  between  the  transmitter  output  and  the  receiver  output  when  they  interfere  with  each  other.  This 
relative  optical  phase  is  adjusted  by  the  quartz  plate  QP2.  The  detectors  PD1  and  PD2  are  used  to  detect 
the  transmitter  output  and  the  receiver  output,  respectively.  Two  two-stage  optical  isolators  (01)  with  60-clB 
isolation  are  used  in  experiment. 

The  semiconductor  lasers  used  in  this  setup  are  InGaAsP/InP  single-mode  DFB  semiconductor  lasers  emitting 
at  1.295  fxm.  They  are  all  fabricated  from  the  same  wafer  and  selected  by  the  close  match  of  their  intrinsic  laser 
parameters  that  are  found  through  experimental  measurements.1 '  The  photodetectors  used  to  detect  the  outputs 
of  the  transmitter  and  the  receiver  are  InGaAs  photodetectors  with  a  3-dB  bandwidth  of  6  GHz.  The  electrical 
signal  from  the  output  of  each  detector  is  amplified  by  an  HP  83006A  microwave  amplifier  with  a  bandwidth 
covering  the  range  from  0.01  GHz  to  26.5  GHz  and  a  gain  of  23  dB.  The  output  of  the  transmitter  laser  and  that 
of  the  receiver  laser  after  amplification  are  recorded  in  time  domain  by  a  Tektronix  TDS  694C  digitizing  sampling 
oscilloscope  that  has  a  3  GHz  bandwidth  and  a  sampling  rate  of  10  GS/s  for  four  channels  simultaneously.  The 
power  spectra  of  the  laser  outputs  are  taken  with  an  HP  E4407B  spectrum  analyzer  with  a  bandwidth  ranging 
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Figure  2.  Experimental  measurement  of  chaotic  output  of  the  transmitter:  (a)  is  the  power  spectium 
transmitter  output,  (b)  is  the  intensity  of  waveform  in  time  domain. 
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from  9  kHz  to  26.5  GHz.  The  optical  frequency  and  optical  spectra  of  each  laser  is  measured  by  an  Advantest 
Q8347  optical  spectrum  analyzer  with  a  resolution  of  0.005  nm. 

The  synchronization  quality  is  measured  through  the  correlation  coefficient,  denoted  by  p 5: 

=  ([*(*)  -  (X(t))][Y(t)  -  (T(Q)  1)  (1) 

p  (x(tmi/2mt)- (mi2>1/2’ 

where  X(t)  and  Y(t)  are  the  outputs  of  the  transmitter  and  the  receiver,  respectively,  and  (•)  denotes  the 
time  average.  The  correlation  coefficient  is  bounded  as  —1  <  p  <  1.  A  larger  value  for  \p\  means  a  better 
synchronization  quality.  This  correlation  coefficient  measures  the  similarity  of  the  two  attractors.  In  this  paper, 
the  examination  of  the  similarity  focuses  on  the  intensity  of  the  chaotic  waveforms. 


3.  CHAOTIC  SYNCHRONOUS  SCENARIO 

In  the  experiment,  the  transmitter  laser  is  biased  at  IT  =  2.38/^',  where  the  threshold  current  of  the  transmitter 
is  jT  ~  21  rnA.  The  injection  strength  from  the  master  laser  to  the  transmitter  is  adjusted  so  that  the  transmitter 
is  operated  in  a  chaotic  state.  The  power  spectrum  of  the  transmitter  chaotic  output  is  shown  in  Fig.  2(a), 
and  the  time  series  of  that  is  shown  in  Fig.  2(b).  The  frequency  detuning  of  the  MLD  from  the  transmitter  in 
free-running  condition  is  2.73  GHz. 

The  frequency  detuning  of  the  receiver  to  the  free-running  transmitter  is  adjusted  at  41.6  GHz.  The  optical 
frequency  of  the  receiver  is  unlocked  to  that  of  the  transmitter  or  the  channel  signal  under  this  operating 
condition.  However,  desynchronization  does  not  occur  when  the  receiver  becomes  unlocked.  Instead,  significant 
degree  of  synchronization  between  the  chaotic  waveform  of  the  transmitter  and  that  of  the  receiver  is  obseived. 
Opposite  to  a  general  believe  that  locking  of  optical  frequency  is  a  necessary  condition  of  chaotic  synchronous 
scenarios  occurred  in  a  fully  optical  system,10  the  frequency  locking  is  not  required  in  this  synchronous  scenario. 

Based  on  the  understanding  of  chaos  synchronization  and  chaotic  driven  oscillation  observed  in  the  experiment 
and  theoretical  analysis  of  optical  feedback  system,1510  the  output  field  of  the  receiver  is  synchronized  to  that 
of  the  transmitter  when  the  optical  feedback  system  performs  chaos  synchronization,  and  that  of  the  receiver 
is  synchronized  to  the  channel  signal  when  the  system  performs  chaotic  driven  oscillation.  For  the  synchronous 
phenomenon  experimentally  observed  in  the  optical  injection  system,  it  is  important  to  examine  if  the  output 
field  of  the  receiver  is  synchronized  to  that  of  the  transmitter  or  the  channel  signal.  Since  the  output  field 
of  the  transmitter  is  different  from  the  channel  signal  by  an  optical  field  E\(t)el6  in  this  system,  varying  the 
relative  optical  phase  0  can  change  the  channel  signal.  Therefore,  the  synchronization  quality  of  the  obseived 
synchronous  scenario  is  measured  at  the  operating  conditions  9  =  0  and  8  =  n. 
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Figure  3.  Experimental  result  when  0  =  0:  (a)  and  (b)  are  power  spectra  of  the  receiver  output  and  channel 
signal  in  respective;  (c)  correlation  plot  between  the  receiver  output,  X(t),  and  the  transmitter  output,  Y(t);  (d) 
correlation  plot  between  the  receiver  output,  X(t),  and  the  channel  signal,  Y(t). 


When  0  =  0,  the  power  spectrum  of  the  synchronized  receiver  is  shown  in  Fig.  3(a).  The  power  spectrum 
of  the  channel  signal  as  the  superposition  of  the  transmitter  output  and  the  MLD  output  with  0  =  0  is  shown 
in  Fig.  3(b).  The  quality  of  the  achieved  synchronization  is  demonstrated  through  the  synchronization  of  the 
intensity.  The  synchronization  of  the  chaotic  intensity  is  shown  in  Fig.  3(c)  through  the  correlation  plot  between 
the  intensities  of  the  transmitter  and  receiver  waveforms.  The  synchronization  quality  is  measured  to  be  p  ~  0.67. 
The  correlation  between  the  channel  signal  and  the  receiver  waveform  is  also  measured,  and  is  found  to  be  p  ~  0.83 
as  is  shown  in  Fig.  3(d).  Comparing  the  correlation  plots  in  Fig.  3(c)  and  3(d),  we  observed  that  the  intensity 
of  the  receiver  output  is  sjmchronized  to  that  of  the  channel  signal,  but  not  that  of  the  transmitter  output. 

When  we  gradually  tune  6  away  from  zero  without  changing  other  operating  conditions,  the  channel  signal  and 
the  response  of  the  receiver  change.  The  power  spectrum  of  the  receiver  is  shown  in  Fig.  4(a)  when  0  =  n.  The 
power  spectrum  of  the  channel  signal  under  the  same  operating  condition  is  shown  in  Fig.  4(b).  The  correlation 
plot  between  the  transmitter  and  the  receiver  is  shown  in  Fig.  4(c),  and  p  ~  0.65.  The  synchronization  quality 
between  the  receiver  and  the  channel  signal  is  p  ~  0.81,  and  the  correlation  plot  is  shown  in  Fig.  4(d).  From  the 
correlation  plots  shown  in  Fig.  4,  we  observed  that  the  output  field  of  the  receiver  is  synchronized  to  the  channel 
signal  instead  of  that  of  the  transmitter  when  0  =  n. 

As  is  observed,  the  intensity  of  the  receiver  is  synchronized  to  that  of  the  channel  signal  but  not  that  of  the 
transmitter  though  the  optical  frequency  of  the  receiver  is  not  locked  to  that  of  either  one.  The  experimental 
result  also  shows  that  this  synchronous  scenario  in  this  system  is  not  sensitive  to  the  relative  optical  phase  0. 
Since  the  optical  frequency  of  the  receiver  is  not  locked  to  that  of  the  channel  signal,  the  channel  signal  works  as  a 
strong  optical  modulation.  Therefore,  this  chaotic  synchronous  scenarios  is  named  as  chaotic  optical  modulation. 

As  is  observed,  the  intensity  of  the  receiver  output  is  synchronized  to  that  of  the  channel  signal,  it  is  interesting 
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Figure  4.  Experimental  result  when  6  =  n:  (a)  and  (b)  are  power  spectra  of  the  receiver  output  and  channel 
signal  in  respective;  (c)  correlation  plot  between  the  receiver  output,  X(t),  and  the  tiansmittei  output,  Y(t),  (d) 
correlation  plot  between  the  receiver  output,  X(t),  and  the  channel  signal,  Y(t). 


to  examine  if  their  slowly-varying  phases  are  also  synchronized  to  each  other.  The  synchronization  of  the  slowly- 
varying  chaotic  phase  is  verified  through  optical  interference  with  the  result  shown  in  Fig.  5.  The  result  of  this 
interference  between  the  optical  output  of  the  receiver  and  the  optical  channel  signal  is  detected  by  PD3  indicated 
in  Fig.  1.  The  intensity  of  the  constructive  coherent  interference  is  shown  as  the  upper  waveform  in  Fig.  5,  and 
that  of  the  destructive  interference  is  shown  as  the  lower  waveform  in  Fig.  5.  The  intensity  extinction  ratio  is 
between  3  and  4.  Although  the  extinction  ratio  is  not  very  high,  it  provides  the  evidence  of  the  synchronization 
on  the  slowly-varying  phases  as  well  as  on  the  amplitude.  Since  the  optical  frequency  ot  the  leceivei  is  not  locked 
to  that  of  the  transmitter,  thus  that  of  the  channel  signal,  how  this  interference  occur  should  be  examined. 


4.  CHAOTIC  OPTICAL  MODULATION 

Since  this  chaotic  optical  modulation  occurs  when  the  optical  frequency  of  the  receiver  is  not  locked  to  that  of  the 
channel  signal  or  the  transmitter,  but  the  intensity  and  the  slowly- varying  phase  of  the  receiver  ai  e  sy  ncln  onizecl 
to  those  of  the  channel  signal,  it  is  interesting  to  examine  the  optical  spectra  of  the  channel  signal  and  the 
receiver  output  for  better  understanding  of  this  chaotic  synchronous  phenomenon.  The  optical  spectra  of  the 
receiver  output  and  the  channel  signal  is  examined  when  9  =  0. 

The  optical  spectrum  of  the  channel  signal  is  shown  in  Fig.  6(a).  This  optical  spectrum  cannot  be  distinguished 
from  that  of  the  transmitter  output  due  to  the  very  weak  Ei(t).  The  optical  spectrum  of  the  receiver  is  shown  in 
Fig.  6(b).  The  sharp  line  with  very  narrow  linewidth  corresponds  to  the  longitudinal  mode  of  the  free- running 
receiver  indicated  by  RLD,  and  the  much  lower  and  wider  part  in  the  optical  spectrum  shown  in  Fig.  6(b)  is  the 
response  of  the  receiver  to  the  channel  signal.  This  response  of  the  free-running  receiver  to  the  channel  signal  is 
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Figure  5.  Optical  interference  of  synchronized  fields  from  the  transmitter  and  the  receiver:  (a)  constructive 
coherent  interference,  (b)  destructive  coherent  interference. 
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Figure  6.  Optical  spectra  of  (a)  the  channel  signal,  (b)  the  receiver  output  when  Au;q  =  41.60  GHz 


indicated  by  Channel.  For  the  convenience  of  comparison,  the  power  of  the  optical  spectrum  of  the  receiver  has 
been  enlarged  to  make  the  response  part  comparable  to  the  optical  spectrum  of  the  channel  signal. 

Based  on  the  optical  spectrum  shown  in  Fig.  6(b),  the  power  spectrum  of  the  receiver  shown  in  Fig.  3(a), 
and  the  correlation  plot  shown  in  Fig.  3(d),  it  is  possible  that  the  receiver  reproduces  the  channel  signal  as  the 
response  to  this  strong  optical  channel  signal.  If  this  statement  is  true,  the  constructive  and  destructive  optical 
interferences  can  be  realized  as  the  interferences  between  the  channel  signal  and  the  response  of  the  receiver  to 
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Figure  7.  Experimental  result  of  the  correlation  coefficient  when  the  coupling  strength  varies:  circle  symbol 
indicates  the  value  of  p  when  0  =  0;  triangle  symbol  indicates  the  value  of  p  when  9  =  n. 


the  channel  signal.  Since  the  frequency  detuning  between  the  channel  signal  and  the  receiver  is  41.6  GHz,  and 
the  bandwidth  of  the  detector  is  around  6  GHz,  the  interference  between  the  longitudinal  mode  of  the  receivei 
and  the  response  of  the  receiver  cannot  be  recorded  in  the  oscilloscope.  Therefore,  the  detectoi  PD3  can  only 
record  the  interference  between  the  channel  signal  and  the  receiver  response,  indicated  by  Channel  in  Fig.  6(b). 
Based  on  the  same  reason,  the  synchronization  of  the  intensity  of  the  receiver  to  the  intensity  of  the  channel 
signal  can  be  observed.  Further  experiment  targeting  at  obtaining  better  synchronization  quality  and  larger 
extinction  ratio  between  the  constructive  interference  and  the  destructive  interference  is  under  progress. 

The  synchronous  response  of  the  receiver  to  the  channel  signal  is  generated  when  the  optical  frequency  of 
the  channel  signal  or  that  of  the  transmitter  is  larger  than  that  of  the  receiver.  However,  the  synchronous 
phenomenon  does  not  occur  when  the  optical  frequency  of  the  receiver  is  still  unlocked  to  that  of  the  channel 
signal  but  its  optical  frequency  is  larger  than  that  of  the  channel  signal. 

5.  SYNCHRONIZATION  QUALITY  AS  A  FUNCTION  OF  COUPLING  STRENGTH 

It  is  important  to  notice  that  the  power  of  the  channel  signal  as  the  optical  modulating  signal  is  comparable 
to  the  output  power  of  the  receiver.  Therefore,  the  observed  chaotic  optical  modulation  is  diffeient  fiorn  small- 
signal  optical  modulation.18  In  small-signal  optical  modulation  of  semiconductor  lasers,  because  of  the  linewidth 
enhancement  factor  b,  the  output  field  of  the  modulated  semiconductor  laser  is  different  from  the  modulating 
signal.  Besides,  large  optical  modulation  provides  distorted  modulation  response.  This  suggestion  can  be  verified 
through  the  measure  of  the  synchronization  quality  as  a  function  of  the  coupling  strength. 

The  correlation  coefficient  between  the  output  of  receiver  and  the  channel  signal  as  a  function  of  coupling 
strength  is  shown  in  Fig.  7.  The  coupling  strength  is  measured  by  the  power  of  the  channel  signal  injected  into 
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the  receiver.  The  synchronization  quality  of  this  chaotic  synchronous  phenomenon  is  measured  when  0  =  0  and 
6  =  7r.  The  synchronization  quality  of  this  chaotic  optical  modulation  with  9  =  0  is  indicated  by  the  solid  circles 
in  Fig.  7.  The  synchronization  quality  of  this  chaotic  optical  modulation  with  0  ~  tt  is  indicated  by  the  solid 
triangle.  The  dashed  lines  to  connect  the  same  solid  symbols  serves  for  virtual  guidance.  As  is  shown,  different 
6  does  no  contribute  significant  difference  on  the  synchronization  quality.  The  synchronization  quality  gradually 
deteriorates  when  the  coupling  strength  decreases.  It  can  be  observed  from  the  data  shown  in  Fig.  10  that  the 
chaotic  optical  modulation  is  different  from  the  modulation  response  of  small-signal  optical  modulation.  The 
small-signal  optical  modulation  has  the  advantage  that  the  receiver  does  not  generates  distorted  response,  but 
the  weaker  coupling  strength  does  not  provide  better  synchronization  quality  than  the  strong  coupling  strength. 

6.  CONCLUSION 

In  conclusion,  we  have  experimentally  demonstrated  a  new  chaotic  synchronous  scenario,  namely  the  chaotic 
optical  modulation,  occurred  in  a  fully  optical  system,  where  the  chaotic  optical  waveform  is  generated  through 
the  high-speed  nonlinearity  of  semiconductor  lasers  subject  to  optical  injection.  The  experimental  observation 
shows  that  the  chaotic  intensity  and  the  slowly-varying  phase  of  the  receiver  optical  output  are  synchronized  to 
those  of  the  channel  signal.  However,  the  optical  frequency  of  the  receiver  is  not  locked  to  that  of  the  channel 
signal.  The  comparison  between  the  optical  spectrum  of  the  channel  signal  and  that  of  the  receiver  output 
shows  the  possibility  that  the  receiver  just  reproduced  the  channel  signal.  This  synchronous  scenario  cannot  be 
explained  by  small-signal  optical  modulation.  Weaker  coupling  strength  of  the  channel  signal  actually  generates 
worse  synchronization  quality. 

These  experimental  observation  demonstrates  that  chaos  synchronization  and  chaotic  driven  oscillation  are 
not  the  only  chaotic  synchronous  phenomena.  There  is  another  synchronous  phenomenon.  It  also  demonstrates 
that  the  lock  of  optical  frequency  is  not  a  necessary  condition  to  achieve  chaotic  synchronous  phenomena. 
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ABSTRACT 

We  investigate  the  synchronization  properties  of  two  mutually-coupled  semiconductor  lasers  (SL)  in  a  face  to 
face  configuration,  when  a  non- negligible  injection  delay  time  is  taken  into  account.  Under  the  appropriate 
conditions,  we  derive  a  thermodynamic  potential  analog  to  the  one  studied  by  Mork  et  al.1,2  and  by  Lenstra3 
for  a  semiconductor  laser  subject  to  an  optical  feedback.  In  this  context,  the  role  that  noise  and  detuning  play 
in  the  dynamics  of  the  system  is  clearly  identified.  When  operating  in  the  Low  Frequency  Fluctuations  (LFF) 
regime,  the  effect  of  the  detuning  on  the  leader- laggard  operation  is  also  analyzed.  Finally,  we  focus  on  the  short 
intercavity  regime  and  we  stud}'  the  influence  of  the  detuning  and  the  propagation  phase  on  the  dynamics  of 
each  laser. 

Keywords:  Semiconductor  Lasers,  Delay,  Instabilities  in  Diode  Lasers,  Bidirectional  Coupling. 

1.  INTRODUCTION 

The  nonlinear  dynamics  and  synchronization  of  mutually  coupled  oscillators  have  important  applications  in  fields 
ranging  from  the  high- power  laser  arrays4  to  central  issues  in  neuroscience.5  In  fact,  synchronization  was  first 
discovered  in  two  mutually  coupled  oscillators.6  Despite  of  their  inherent  interest,  only  few  studies  have  focused 
on  the  instabilities  arising  from  the  mutual  coupling  of  two  semiconductor  lasers/'12  So  far,  the  most  studied 
configuration  of  mutually  interacting  laser  systems  is  the  evanescent  coupling  of  solid-state  lasers.  However,  due 
to  the  fundamental  differences  between  the  face-to-face  and  the  evanescent  coupling,  new  phenomena  can  be 
expected  for  the  former.  Moreover,  the  excellent  controllability  of  semiconductor  lasers  in  the  laboratory  make 
them  ideal  candidates  for  the  experimental  investigation  of  general  phenomena  in  the  theory  of  mutually  coupled 
oscillators.  In  this  context,  besides  the  frequency  and  phase  locking  properties,  oscillation  death  by  delay,12 
localized  synchronization 1  and  spontaneous  symmetry- breaking8  among  others  effects,  has  been  recently  proved 
to  occur  in  bidirectionally  coupled  semiconductor  laser  systems. 

There  are  different  options  to  mutually  couple  two  edge-emitting  semiconductor  lasers.  In  the  optoelectronic 
case,12  the  light  coming  from  one  laser  facet  is  converted  into  electrical  current  that  is  added  to  the  bias  of  the 
other  laser.  In  the  incoherent  optical  case,13  the  TE  mode  of  each  laser  output  is  90  degrees  rotated  before 
entering  into  the  other  laser  cavity.  It  is  assumed  that  in  this  scheme,  the  injected  fields  act  only  on  the  carrier 
population  and  do  not  interact  with  the  intracavity  lasing  fields.  Finally,  the  richer  option  from  the  dynamical 
point  of  view,  and  the  one  in  which  we  focus  our  attention,  is  the  coherent  optical  mutual  coupling.  It  represents 
the  mutual  injection  of  the  TE  mode  of  each  laser  into  the  other  laser  cavity.  In  this  last  case,  the  parameters 
controlling  the  dynamics  of  both  lasers  are  the  coupling  strength,  delay  injection  time  and  propagation  phase. 
These  quantities  and  the  detuning  between  the  free-running  emission  frequencies  will  be  our  main  bifurcation 
parameters  along  this  work. 
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Even  in  the  case  that  rate  equations  models  are  used  to  describe  the  dynamics  of  the  system  under  study, 
the  complexity  of  the  mathematical  structure  of  the  set  of  equations  we  are  dealing  with  is  huge.  Consequently, 
a  great  advantage  has  been  taken  from  the  consideration  of  special  limits  where  some  approximations  are  fully 
justified.  On  the  one  hand,  one  can  use  the  asymptotic  analysis  motivated  from  the  very  different  time  scales 
introduced  by  the  photon  lifetime,  the  carrier  lifetime  and  the  injection  delay  time.11-14  In  particular,  Ref.[ll] 
analyzed  the  case  of  large  distance  between  the  two  lasers.  On  the  other  hand,  it  is  also  common  the  study 
of  the  dynamics  of  a  given  system  when  the  perturbation  at  which  is  subjected  is  small,  with  the  hope  that 
the  complete  understanding  of  this  relatively  simple  situation  will  shed  light  into  the  interpretation  of  the  more 
complex  dynamics  occurring  for  larger  perturbation  amplitudes.  In  this  context,  phase  dynamics  models  aie 
particularly  popular  and  we  will  make  use  of  one  of  them  to  describe  the  dynamics  in  the  low  coupling  limit. 

The  paper  is  organized  as  follows.  In  Section  2  we  present  the  rate  equations  describing  two  spatially- 
separated  bidirectionally-coupled  semiconductor  lasers.  Section  3  tackles  the  derivation  of  a  phase  model  and 
the  noise  role  in  a  potential  picture  of  that  model.  Section  4  focuses  on  the  role  of  the  detuning  in  the  dynamics 
of  the  system  for  both  the  short  and  long  coupling  delay  time  limits.  Finally,  Section  5  summarizes  and  points 
out  the  main  conclusions  of  the  paper. 


2.  THE  MODEL 

We  consider  our  system  consisting  of  two  single-mode  semiconductor  lasers  in  a  face  to  face  configuration,  where 
a  moderate  amount  of  coupling,  arising  from  the  mutual  injection  of  their  transverse  electrical  fields,  is  assumed. 
A  rigorous  derivation  of  the  model  that  describes  the  system  under  consideration  has  been  already  presented  in 
Ref.  [9].  From  that  work,  it  turns  out  that  the  phenomenological  model  is  valid  when  the  coupling  strength  is 
weak  enough.  Since  this  is  our  case,  we  put  forward  the  equations  governing  the  evolution  of  the  electrical  fields 
and  carriers  in  each  one  of  the  lasers  as 


Ei  2  =  ^i’AEx.2  +  ~(1  +  ict)  [Gi.2  —  O']  El  .2  +  xe  iJir£i.2(f  —  r)  +  y/20Ni,2^i,2  (1) 

iVi.2  =  p^f--'YeNi.2-Gi.2\E1.2\2  (2) 

_  g(N±2  -  Nt) 

Gl 2  ”  1-M|£i.2|2  ’ 


where  both  lasers  are  taken  identical  except  for  a  possible  detuning  between  their  free-running  frequencies 
,  o0  =  ).  The  internal  laser  parameters  used  in  our  numerical  simulations  correspond  to  a 

realistic  experimental  situation  where  the  linewidth  enhancement  factor  is  a  =  3.5,  the  cavity  losses  7  =  240  ns  , 
the  carrier  decay  rate  o«  =  1-66  ns-1,  the  differential  gain  g  =  3.2  x  10_f>  ns-1,  the  carrier  value  at  transparency 
Nt  =  1.5  x  10s,  the  gain  saturation  parameter  s  =  5  x  1CT7,  the  spontaneous  emission  rate  0  =  10~5  ns  1  and 
e  is  the  electron  charge.  The  solitary  threshold  current  is  Jts,f  =  60  mA  and  p  is  the  injection  current  with 
respect  to  threshold.  The  rest  of  parameters  will  be  varied  through  this  paper  and  their  particular  values  will 
be  specified  in  each  section. 

Neglecting  the  Langevin  noise  sources  in  (1),  the  steady-states  (£1.2(1)  =  \/  Pi.2{t)el*lMt) ;  P\  =  P2  =  0, 
jVj  =  Nn  =  0,  <pi(t)  =  fit,  92(f)  =  fit  +  4>)  of  the  former  six-dimensional  set  of  equations  can  be  found 
systematically  with  the  algorithm  presented  in  Appendix  A.  In  absence  of  detuning,  three  types  of  fixed  points 
can  be  distinguished:  the  in-phase  symmetric  (<p  =  0),  anti-phase  symmetric  (<p  =  w)  and  asymmetric  solutions 
(0  ^  0,  tt).  The  structure  and  stability  of  these  stationary  solutions  have  been  evaluated  for  the  long  distance 
limit  and  zero-detuning  case  in  Ref.[li].  Figure  la  shows  how  these  fixed  points  are  typically  arranged  in  the 
Inversion-Frequency  plane  (N  —  Nth  vs  fir)  while  Figure  lb  illustrates  how  they'-  bifurcate  as  increasing  the 
coupling  strength.  Generically,  after  the  saddle-node  creation  of  the  symmetric  modes,  the  nodes  loss  their 
stability  through  a  Hopf  bifurcation  while  the  asymmetric  modes  emerge  and  disappear  from  the  symmetric 
solutions.  As  in  the  Lang-Kobayashi  model  for  the  case  of  optical  feedback,15  for  fixed  k,  the  symmetric 
solutions  lie  on  an  ellipse  with  a  major  semiaxis  C  =  kt\/  1  +  a2 .  On  the  other  hand,  islands  of  asymmetiic 
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Figure  1.  a)  Steady-states  of  eqs.  (l)-(2)  in  the  Inversion-Frequency  plane  for  k  =  20  ns-1.  Squares  and  diamonds  stand 
for  in-phase  and  anti- phase  solutions  while  crosses  (triangles)  represent  asymmetric  modes  with  positive  (negative)  phase 
difference  <£.  b)  Evolution  of  the  modes  frequency  as  increasing  the  coupling  level.  Black  (grey)  solid  lines  indicate  the 
in-phase  (anti- phase)  fixed  points  continuation  while  the  triangles  mark  the  asymmetric  modes.  In  both  cases,  the  pump 
level  and  the  injection  delay  time  have  been  set  to  p  =  1  and  r  =  2  ns. 


solutions  appear  around  the  edges  of  the  ellipse  of  symmetric  states.  However,  it  is  worth  mentioning  that  the 
number  of  asymmetric  modes  may  change  with  the  bias  current  whereas  the  symmetric  ones  remain  unchanged. 
The  modification  of  these  structures  under  the  presence  of  detuning  or  when  decreasing  the  distance  between 
lasers  until  entering  in  the  short  intercavity  regime,  will  have  important  consequences  on  the  dynamics  of  the 
system  and  they  will  be  studied  in  Section  4. 

The  next  section  is  devoted  to  investigate  a  reduced  model  based  on  the  phase  equations  derived  from  eqs. 
(1-2),  which  we  will  see  remains  valid  in  the  low  coupling  limit.  From  there,  the  effect  of  the  spontaneous  emission 
noise  and  locking  regime  borders  will  be  predicted. 

3.  PHASE  DYNAMICS 

For  a  sufficiently  weak  coupling,  where  the  relaxation  oscillations  are  still  damped,  we  can  assume  a  constant 
light  intensity  and  identical  in  both  lasers  by  neglecting  amplitude  fluctuations  =  s/P^e1*1'2^).  This 

approximation  leads  to  the  following  coupled  equations  for  the  optical  phases 


<£i.2(£)  =  TA  -  Kyi  +  a2  sin  -  r)  -f  fir  +  arctana)  +  2(f),  (3) 

where  the  FiPl  2(t)  is  the  Langevin  noise  source  associated  to  the  each  phase.  Despite  the  important  reduction 
that  has  been  achieved,  it  still  remains  the  difficulty  of  dealing  with  a  system  of  delay  differential  equations 
(DDE).  The  next  step  is  to  assume  a  slow  variation  of  the  phases  over  a  entire  delay  time  by  expanding  <^1,2 (0  ^ 
(fxo (t  —  r)  +  t<£i.2(£  —  t).  It  is  worth  noting  that  for  DDE  these  kind  of  expansions  may  not  lead  to  valid  results. 
Surprisingly,  for  small  delay  r  the  discarded  term  behaves  like  1/r  if  the  approximation  is  taken  up  to  second 
order  or  beyond.16  Under  these  conditions,  the  resulting  equations  read1' 


<£1.2  —  tA  —  ac \/ 1  4-  ci2  sin  (<^1.2  “  $2,1  +  <4))  +  F^  2  (£)>  (4) 

#12  =  -(<^>1.2  -  $1.2),  (5) 

T 
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Figure  2.  Potential  function  V (111,1x2)  computed  for  the  following  parameters:  A  —  0,  r  —  2  ns,  k  —  0.5  ns  and 
$  =  4.43. 

where  ,2(i)  =  v?i.2(i  -  r)  and  <f>  =  fir  +  arctanct  mod  2tt.  Now,  defining  A'1.2  =  5 [('Pi  -  #2)  T  (<P2  -  ^1)],  i-e. 
the  addition  and  difference  of  the  injected  phases,  it  is  obtained  that  for  these  variables  there  exists  a  potential 
function  V  in  terms  of  which  the  dynamics  is  written  as 


A  1.2  = 

V(fXl,IX2)  = 


IS 

r  dpi. 2 


+  -PjUl.S 


rApi  +  -P2 


Ceos  pi  cos($  +  p  2). 


(6) 

(7) 


Figure  2  shows  an  example  of  the  potential  landscape  where  the  relaxational  gradient  dynamics  take  place. 
Before  continuing  the  analysis,  it  is  worth  mentioning  that  in  the  steady  state  operation  (i.e.  in  a  potential 
minima)  the  variable  pi  represents  the  phase  difference  0  between  both  lasers  while  p2/r  accounts  for  the  locked 
frequency  Cl. 

At  this  point,  we  numerically  check  the  validity  of  our  approximations  by  comparing  the  results  obtained 
for  the  phase  difference  and  frequency  in  the  absence  of  noise,  with  the  full  model  [eqs.  (l)-(2)]  and  with  the 
reduced  model  [eqs.  (6)-(7)].  For  the  same  parameters  used  in  the  Figure  2,  the  computation  of  these  quantities 
with  the  full  model  provides,  when  the  initial  condition  is  in  the  neighborhood  a  steady-state,  the  values  pi  0, 
f,2  —  -1.009812  while  the  model  based  on  the  potential  description  gives  pi  =  0,  p2  =  -1.009803.  It  is  then 
clear  that  the  potential  description  is  valid  providing  that  the  coupling  values  are  small  enough. 

In  absence  of  detuning,  it  is  easy  to  demonstrate  that  the  potential  minima  are  generically  located  at  coordi¬ 
nates  where  the  px  variable  equals  nn  with  n  €  Z.  Consequently,  the  absolute  minimum  of  the  potential  at  which 
the  dynamics  of  the  system  approach  in  the  long-time  limit  can  be  an  in-phase  or  an  anti- phase  mode,  its  selection 
determined  by  <I>.  In  the  presence  of  spontaneous  emission  noise,  the  interpretation  of  these  steady-states  is  asso¬ 
ciated  with  the  maxima  of  the  probability  density  function  given  by  the  corresponding  Fokker-Planck  equation. 
The  possible  noise-induced  mode  hopping  is  illustrated  in  Figure  3.  As  consequence  of  the  potential  structure, 
each  mode  hopping  or  frequency  slip  is  simultaneously  accompanied  by  a  phase  slip.  The  correspondence  of  the 
mode  hopping  with  the  features  of  the  potential  landscape  is  clearly  observed  in  the  bottom  panel  of  Figure  3, 
where  the  stochastic  slips  occur  mainly  through  the  saddles  between  different  minima. 

Although  computation  of  Mean  First  Passage  Time  (MFPT)  between  potential  wells  is  much  more  compli¬ 
cated  to  perform  in  several  dimensions  than  in  the  simple  one-dimensional  case,18  there  is  still  the  inversely 
exponential  dependence  on  the  barrier  height.  Consequently,  any  increase  of  k,  t  or  cv  maintained  within  the 
margins  of  validity  of  the  approach  here  used  will  lead  to  the  stabilization  of  the  dynamics  against  the  noise. 

The  role  of  the  detuning  on  the  potential  is  to  break  the  periodicity  in  the  /Ui  variable  and  to  tilt  the  potential 
landscape.  No  in-phase  or  anti-phase  states  exist  anymore,  although  for  small  positive  (negative)  detuning  values 
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Figure  3.  Top  panel:  Evolution  of  the  phase  difference  and  frequency.  Bottom  panel:  Left  graphic  is  the  contour  plot 
of  the  potential  function.  Right  graphic  contains  the  numerically  simulated  stochastic  path  followed  by  the  system  in  the 
fii  —  fjL-o  plane.  The  parameters  used  are  the  same  than  those  corresponding  to  Figure  2. 


infinitely  many  minima  with  deeper  wells  are  arranged  in  the  direction  of  increasing  (decreasing)  phase  difference. 
Then,  in  the  absence  of  noise,  both  lasers  would  lock  to  a  frequency  and  phase  corresponding  to  one  of  these 
local  minima.  However,  the  presence  of  Gaussian  noise  (or  any  other  unbounded  noise)  will  make  the  system  to 
continously  jump  to  deeper  minima.  If  the  detuning  parameter  exceeds  a  critical  value,  the  potential  becomes 
so  tilted  that  it  is  unable  to  produce  local  minima.  In  this  situation,  both  lasers  cannot  manage  to  lock  and  no 
steady-state  can  be  reached.  The  border  of  this  transition  from  locking  to  unlocking  regime  can  be  predicted  by 
demanding  the  condition  that  the  potential  function  presents  a  non- zero  number  of  critical  points.  Eliminating 
fii  from  the  system  of  equations  dV/dpi  =  dV/dp 2  =  0,  it  is  obtained  that  P2  has  to  meet  the  following  condition 


\X2  +  C  tan(//9  +  $)  y  cos2(jU2  +  $) - ^r~  =  0.  (8) 

Consequently,  in  the  «  —  A  plane,  the  Arnold  tongue  or  locking  regime  area  is  determined  by  the  region  where 
real  solutions  for  equation  (8)  exist.  An  important  observation  is  the  fact  that  changing  the  value  of  <E>,  the  size 
of  the  corresponding  Arnold  Tongue  may  suffer  important  modifications  and  that  this  effect  occurs  for  both  short 
and  long  injection  delay  times.  For  instance,  in  Figure  4,  the  locking  limits  for  values  of  <3>  =  0, 7r/4,  tt/2  and 
37r/4  are  represented. 

Finally,  it  is  worth  to  recall  that  the  maximum  coupling  strength  for  which  the  former  approach  is  valid  (i.e. 
the  maximum  coupling  for  which  the  relaxation  oscillations  are  still  damped),  is  strongly  dependent  on  the  bias 
current  level.  Hence,  if  for  p  =  1.1  (10%  above  solitary  threshold)  Kmax  ~  3  ns"1,  for  p  =  1.5  (50%  above  solitary 
threshold)  Kmax  &  9  11s"1  what  represents  a  moderate  amount  of  coupling  level. 
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Figure  4.  Synchronization  regions  or  Arnold  tongues  for  different  values  of  the  injection  phase  $.  The  modified  coupling 
coefficient  that  appears  in  the  vertical  axis  is  defined  as  7c  =  ns/l  +  or.  The  maximum  locking  size  is  achieved  for  $  =  n7r 
while  the  minimum  one  is  obtained  for  $  =  (2 n  +  1)tt/2,  n  €  Z. 


4.  DETUNING  EFFECT  ON  THE  DYNAMICS: 

THE  SHORT  AND  LONG  COUPLING  DELAY  TIME  LIMITS 

The  detuning  influence  on  the  dynamics  of  unidirectionally  coupled  laser  schemes  has  been  extensively  studied 
in  the  literature.19  In  these  works,  the  locking  properties  and  their  stability  as  well  as  multi-wave  mixing 
processes  in  the  non-locking  area  have  been  reported  and  analyzed.  Chirp  reduction  and  bandwidth  increment 
are  among  the  practical  applications  that  benefited  from  the  study  of  these  Master-Slave  (M-S)  semiconductoi 
lasers  systems.  However,  the  fundamental  differences  between  an  unidirectional  and  a  mutually  coupled  scheme 
make  clear  the  necessity  of  a  separated  study  of  the  detuning  effect  on  the  dynamics  of  the  system  under 
consideration.  Besides  the  mutual  frequency  pulling  effects,  there  is  the  novelty  that  the  propagation  phase  <^o 
between  the  lasers  may  act  as  an  important  parameter,  unlike  in  the  M-S  case  where  it  could  be  removed  fiom 
the  equations  by  a  simple  rescaling  of  the  time  variable. 

First,  we  focus  on  the  short  intercavity  regime  by  taking  the  distance  between  lasers  L  =  6  cm  (r  =  0.2  ns). 
The  coupling  strength  has  been  chosen  to  be  small  (k  =  5  ns-1),  the  pumping  has  been  set  close  to  the  solitary 
threshold  p  —  1  and  the  propagation  phase  is  fixed  to  tpo  =  0.  Figure  5  (left  panel)  displays  the  bifuication 
diagram  of  the  optical  power  of  both  lasers  when  the  detuning  parameter  is  continuously  changed  from  0  to  12 
GHz.  From  the  diagram,  it  is  observed  that  for  small  detuning  (An  <  0.5  GHz)  the  lasers  are  still  operating 
in  the  steady-state  condition  with  a  very  similar  optical  power  output,  until  they  enter  into  a  period- 1  window 
(0.5  GHz<  An  <  1.1  GHz).  In  this  regime,  the  optical  power  undergoes  oscillations  in  anti- phase  dynamics. 
After  this  regime,  the  dynamics  enters  into  a  more  complex  oscillatory  regime  (1.1  GHz<  An  <  1.5  GHz),  before 
reaching  a  sequence  of  alternating  periodic  and  constant  states.  For  large  detunings,  it  is  observed  that  in  the 
periodic  windows,  the  relative  phase  between  the  optical  powers  depends  specifically  on  the  value  of  the  detuning. 
The  right  panel  of  Figure  5  shows  the  optical  spectra  of  both  lasers  for  selected  values  of  the  detuning.  Locking, 
non-locking  states  and  multi-wave  mixing  phenomena  are  clearly  identified  from  these  graphics.  For  instance, 
graphics  a)  and  e)  are  examples  of  the  locking  of  both  lasers  to  the  most  negative  mode,  while  graphics  d)  and 
f)  show  a  clear  behavior  of  non-locking  states.  Interestingly,  it  is  noticed  that  even  when  the  system  is  unable 
to  lock  for  Av  =  4  GHz,  it  is  able  to  do  so  for  the  larger  value  of  the  detuning  Av  —  6  GHz,  although  for  larger 
values  of  the  frequency  mismatch  it  is  again  in  an  unlocked  state.  In  these  unlocked  states  foi  large  detuning, 
the  periodic  oscillations  of  each  laser  have  a  frequency  very  similar  to  the  detuning  value  Av. 

Steady-states  and  typical  trajectories,  after  transients  have  died  out,  are  plotted  in  Figure  6  for  the  same 
parameters  as  those  used  in  the  right  panel  of  Figure  5.  The  phase  space  used  to  visualize  the  dynamics  is 
the  Inversion-Frequency  plane.  The  description  of  each  graphics  is  as  follows:  a)  both  lasers  lock  to  the  most 
negative  frequency  mode,  which  is  stable  for  small  values  of  the  detuning,  b)  each  laser  is  operating  in  different 
limit  cycles  located  at  different  frequencies  ranges,  c)  there  is  an  increment  of  the  complexity  of  the  trajectory, 
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Figure  5.  Left  panel  contains  the  bifurcation  diagrams  for  the  optical  power  of  laser  1  and  2  against  the  detuning.  Only 
extrema  values  are  recorded.  Right  panel  illustrates  the  optical  spectra  for:  a)  Av  =  0.4  GHz,  b)  Av  =  0.8  GHz,  c) 
Av  =  1.3  GHz,  d)  Av  =  4  GHz,  e)  Av  =  6  GHz,  and  f)  Av  =  8  GHz.  Black  and  grey  colors  distinguish  the  laser  1,  2. 


d)  both  lasers  are  unlocked  and  oscillate  around  separated  fixed  points  located  approximately  at  ^  ±A/2,  e) 
the  lasers  lock  again  near  the  negative  frequency  state  and  f)  the  system  comes  back  to  an  unlocked  regime 
oscillating  around  different  fixed  points.  It  is  worth  noting  that  for  the  range  of  moderate  values  of  detuning  we 
have  studied  here  (A  <  12  GHz),  the  number  of  steady-states  decreases  with  the  detuning  until  only  two  fixed 
points  appear  with  frequencies  close  to  ~  ±A/2. 
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Figure  6.  Fixed  points  and  trajectories  in  the  Inversion-Frequency  plane  for:  a)  A  =  0.4  GHz,  b)  A  =  0.8  GHz,  c) 
A  =  1.3  GHz,  d)  A  =  4  GHz,  e)  A  =  6  GHz,  and  f)  A  =  8  GHz.  Diamonds  and  squares  stand  for  the  asymmetric  fixed 
points  of  the  laser  1  and  2,  respectively.  Crosses  are  used  to  identify  the  final  states  for  the  trajectories  that  reach  a  fixed 
point.  Black  and  grey  colors  distinguish  the  laser  1  and  2. 

In  all  the  previous  studies,  the  propagation  phase  has  been  fixed  to  zero,  despite  it  may  play  an  important 
role  in  the  dynamics.  Now,  we  fix  the  detuning  and  change  the  phase  in  order  to  investigate  the  dynamical 
dependence  on  this  critical  parameter.  Figure  7  contains  the  bifurcation  diagram  of  both  lasers  when  varying 
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the  phase  for  0  GHz  (top  panel)  and  6  GHz  (bottom  panel).  In  the  non-detuned  case,  depending  on  the  phase 
value  chosen  one  can  observe  constant,  periodic  or  even  chaotic  oscillations  but  always  there  exists  a  high  degree 
of  anticorrelation  between  the  two  laser  outputs  as  it  is  shown  in  Figure  8.  For  larger  detunings,  the  phase  is 
only  able  to  switch  from  stable  to  periodic  behavior  but  no  chaotic  states  can  be  achieved. 
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Figure  7.  Bifurcation  diagrams  for  the  optical  power  of  laser  1  and  2  against  ip0-  a)  A  —  0  GHz.  b)  A  —  6  GHz 


Figure  8.  Temporal  traces  for  the  laser  1  and  2  showing  anticorrelated  dynamics  for  the  non-detuned  case.  Left  panel: 
ipo  =  0.8  rad.  Right  panel:  <p0  =  1.4  rad.  Black  and  grey  colors  distinguish  the  laser  1  and  2. 

Now,  we  move  to  the  long  intercavity  regime  by  increasing  the  distance  between  lasers  up  to  L  =  120  cm 
(r  =  4  ns).  Here,  the  role  of  the  phase  <p0  is  not  so  important  as  in  the  short  delay  time  case.  The  rest  of  the 
coupling  conditions  are  the  same  than  those  used  in  the  study  of  the  short  injection  delay  time.  However,  for 
this  situation  both  lasers  are  in  the  LFF  regime,  at  least  for  the  non-detuned  case.  We  gradually  increase  the 
solitary  frequency  of  the  laser  2  with  respect  to  the  laser  1,  and  we  analyze  the  modification  of  the  steady-states. 
We  find  very  different  situations:  solutions  with  nearly  the  same  inversion  for  the  two  lasers  giving  rise  to  almost 
the  same  optical  power  and  solutions  with  very  asymmetric  operation  of  the  two  lasers.  Foi  small  detunings, 
Ap  =  0.5  GHz  (see  Figure  9(a))  we  observe  two  slightly  distorted  ellipses  with  a  maximum  deformation  close  to 
their  edges.  The  separation  between  the  upper  and  lower  branch  of  the  ellipses  decreases  for  the  lower  (higher) 
inversion  modes  of  the  low  (high)  frequency  laser.  For  a  larger  detuning,  Ais  =  1.75  GHz  (see  Figure  9(b))  we 
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observe  that  the  two  ellipses  split,  giving  rise  to  two  new  banana- like-shaped  ellipses  with  very  different  inversion 
levels.  In  this  case,  and  depending  on  the  initial  conditions,  one  can  have  operation  in  different  regions  of  the 
diagram.  Increasing  further  the  detuning,  the  number  of  steady-states  decreases  until  the  boundary  for  the 
existence  of  frequency  locked  solutions  is  reached. 

For  a  fixed  detuning,  we  have  analyzed  the  modification  in  the  distribution  of  steady  states  when  the  injection 
current  is  increased  observing  that  the  metamorphosis  of  steady- states  become  more  and  more  complex.  Even 
for  small  detuning  (A v  =  0.5  GHz),  increasing  the  pumping  level  we  observe  that  both  ellipses  split  in  two  new 
ellipses  with  different  inversion  levels. 


-50  0  50 

il  [rad] 


Figure  9.  Steadv-states  in  the  Inversion- Frecmencv  plane.  Laser  2  (1)  fixed  points  are  represented  by  triangles  (circles), 
a)  Az/  =  0.5  GHz.  b)  Av  =  1.75  GHz. 


Regarding  the  temporal  evolution  of  the  system,  we  observed  that  for  the  zero-detuning  case,  the  laser  that 
drop  first  in  the  LFF  regime  seems  to  be  randomly  chosen,  but  as  we  discuss  below  this  process  becomes  more 
regularized  by  increasing  the  detuning.  Typical  time  traces  of  the  intensity  for  different  detunings  are  shown 
in  Figure  10.  Panel  a)  corresponds  to  Av  =  1  GHz.  We  observe  power  dropouts  similar  to  those  obtained  in 
the  resonant  case  but  now  appearing  in  a  well  defined  leader-laggard  sequence.  The  vertical  lines  in  the  figui'e 
indicate  that  the  dropout  of  the  higher  frequency  laser  is  followed  by  the  dropout  of  the  lower  frequency  one.  The 
power  dropouts  become  more  periodic  for  Av  —  6  GHz  as  shown  in  the  panel  b).  We  note  that,  in  this  case,  the 
shape  of  the  power  dropouts  differs  from  the  usually  one  obtained  under  resonant  conditions.  The  time  traces 
for  the  lower  frequency  laser  resemble  to  a  sawtooth  signal,  while  for  the  higher  frequency  laser  resemble  to  a 
square  one.  For  larger  detuning,  Av  =  8  GHz,  in  panel  c),  the  time  traces  consist  of  dominant  high  frequency 
pulses  of  the  intensity  displaying  some  degree  of  correlation  between  the  two  series.  For  detuning  larger  than  12 
GHz  the  synchronization  is  lost. 


5.  CONCLUSIONS 

We  have  derived  a  potential  picture  of  the  phase  dynamics  of  two  semiconductor  lasers  coupled  in  a  face  to 
face  configuration.  Numerical  comparison  between  this  reduced  and  the  full  model  shows  excellent  agreement 
in  the  low  coupling  strength  limit.  From  this  potential  framework,  the  effect  of  the  spontaneous  emission  noise 
and  detuning  are  clearly  identified.  In  particular,  mode  hopping  characteristics  and  locking  borders  have  been 
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Figure  10.  Typical  time  traces  of  the  laser  intensities  under  detuned  operation,  a)  Au  =  1  GHz,  b)  Au  —  6  GHz,  and 
c)  Au  =  8  GHz. 

predicted.  Focusing  on  the  short  injection  coupling  time,  the  detuning-induced  dynamics  has  been  observed 
to  pass  through  different  stages.  Interestingly,  several  islands  of  stable  locking  have  been  found  to  be  located 
between  regions  of  unlocking  behavior.  The  role  of  the  propagation  phase  have  been  also  found  to  be  ciitical  in 
the  short  distance  limit.  Finally,  in  the  long  coupling  delay  time  limit,  we  have  studied  how  the  LFF  oscillations 
are  modified  in  the  presence  of  detuning.  Rigorous  stud}'  of  the  stability  of  the  fixed  points  and  limit  cycles 
in  the  short  intercavity  regime,  as  well  as  a  complete  study  of  the  relative  dynamics  between  the  laseis  when 
parameters  like  the  coupling  strength  or  the  coupling  delay  time  are  varied,  are  interesting  subjects  for  future 
works. 

APPENDIX  A 

The  conditions  to  be  imposed  in  order  to  obtain  frequency-locked  solutions  are  E\{t)  =  \/F\eint  and  E2(t)  = 
^fp^euytt+<t>)  aiiowing  a  relative  phase  0  between  the  two  fields.  Furthermore,  Px  =  P2  =  0  and  Ni  =  N2  =  0  in 
a  steady-state.  Introducing  these  conditions  into  eqs.  (1-2)  and  neglecting  Langevin  noise  sources,  we  arrive  to 
a  set  of  non-linear  equations  that  reads 


rj  +  S  =  -aCsin(t]  +  <po  +  arctana  -  <p), 
7]  -  6  =  -icsin(?7  +  tpo  +  arctana  -  6), 
0  =  Jk-leNk-GkPk  k  =  1,2. 


(Al) 

(A2) 

(A3) 


At  this  point,  we  have  defined  the  following  quantities:  the  compound  system  mode  frequency  //  Qt,  the 
power  ratio  a 2  =  P2/Pu  the  normalized  detuning  S  =  At,  the  injection  phase  <p0  =  O0r  and  the  effective 
coupling  parameter  C  =  kt pi  +  a2.  A  solution  of  the  system  of  equations  (A1-A3)  determines  a  vector  of  six 
unknowns  (Pi,  P2i  Ah ,  AA  ,  p,  O)  that  defines  a  frequency  locked  solution  of  the  coupled  system,  hlultiplying 
eq.  (Al)  by  (A2)  we  find  an  expression  for  y  =  sin(d), 
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(A4) 


y(rf)  =  ±  sin2  (i]  +  po  +  arctana)  -  (if  -  82)/C 2, 
while  dividing  eq.  (Al)  by  (A2)  we  can  obtain  an  expression  for  a(rj ,  y)  that  reads 


r]  +  S' 

y/l  —  y2  +  ycot.(?7  +  90  +  arctana) 

.v  -  s. 

yjl  —  y2  -  y  cot(??  +  po  +  arctana) 

(A5) 


Finally,  extracting  from  eqs.  (A3)  the  power  ratio  a2  and  combining  with  eqs.  (A4)  and  (A5),  we  arrive  at 
the  following  non-linear  equation  for  the  compound  system  mode  r\ 


a2  [pi  +  aT+\  [a  -  bTJ)  -  [ap2  +  T_]  [1  -  abT+]  -  0,  (A6) 


with  T±  =  yj\  —  y2  cos (i}  +  po)  ±  ysin(r]  —  In  order  to  simplify  notation  we  have  introduced  two  additional 
parameters,  b  =  2k./7  and  Pi,2  =  2^r-(pi.2  "  ^)^th  • 

After  solving  eq.  (A6)  for  rf$  and  having  avoided  spurious  solutions,  we  can  use  eqs.  (A4)  and  (A5)  to 
determinate  the  remaining  unknowns  t/s,  as  and  the  following  quantities 


0  =  arcsin(j/s), 

(A7) 

G  1.2  =  7  -  2 Kaf1  cos(ri$  +<poT  <>), 

(A8) 

p  (pl.2  ~  1  )Jfh  ~  (le/9)(Gl.2  ~  7) 

L2  Gi.o(1  +  S72/<?) 

(A9) 

Ntf  =  1  [G1.2  -  7]  +  sG1.2P1.2A/- 

(A10) 
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ABSTRACT 

Mutually-coupled  semiconductor  lasers  are  of  great  current  interest  because  of  the  important  insight  they  pro¬ 
vide  into  coupled  physical,  chemical,  and  biological  systems.  Two  semiconductor  lasers  either  with  or  without 
optoelectronic  feedback  are  mutually  coupled  together  through  optoelectronic  paths.  It  is  found  that  mutual 
coupling  can  significantly  affect  the  dynamics  of  the  semiconductor  lasers,  depending  on  the  coupling  delay  time 
and  the  coupling  strength.  Interesting  phenomena  such  as  generation  of  chaos,  quasiperiodic  and  period-doubling 
bifurcation  to  chaos,  and  death  by  delay  are  observed.  Synchronization  of  the  chaotic  outputs  from  mutually 
coupled  semiconductor  lasers  is  also  observed. 

Keywords:  Chaos,  Semiconductor  Lasers,  Mutual  Coupling,  Optoelectronic  Feedback 

1.  INTRODUCTION 

Chaotic  optical  communications  with  messages  encoded  in  chaotic  optical  waveforms  and  decoded  through  chaos 
synchronization  have  been  widely  investigated  and  demonstrated  using  semiconductor  lasers. 1?  2  Nonlinear 
dynamics  of  semiconductor  lasers  are  of  great  interests  because  of  the  important  roles  semiconductor  lasers  play 
in  such  chaotic  optical  communications.  Chaotic  dynamics  can  be  induced  in  a  semiconductor  laser  by  increasing 
the  dynamical  dimension  of  the  laser  through  a  proper  external  perturbation,  such  as  optical  feedback,  optical 
injection,  or  optoelectronic  feedback.  With  optoelectronic  feedback,  a  single-mode  semiconductor  laser  can  have 
chaotic  dynamics  in  certain  operating  conditions.  Either  positive3  or  negative4  optoelectronic  feedback  can  be 
applied  to  a  solitary  single-mode  semiconductor  laser  to  generate  chaotic  dynamics.  In  both  cases,  the  laser 
follows  a  quasiperiodicity  route  to  chaotic  pulsing. 

While  the  dynamics  of  individual  semiconductor  lasers  have  been  widely  investigated,  the  effects  of  coupling 
between  two  semiconductor  lasers  have  been  of  great  interests  recently.  In  unidirectionally  coupled  semiconductor 
lasers,  chaos  synchronization  and  chaotic  communications  have  been  demonstrated.  Semiconductor  lasers  can 
also  be  mutually  coupled.5’ 6  Leading  and  lagged  synchronization  has  been  observed  in  semiconductor  lasers  with 
mutual  optical  coupling.  Mutual  coupling  also  induces  new  nonlinear  dynamical  phenomena  and  significantly 
changes  the  dynamics  of  uncoupled  semiconductor  lasers.  Uncoupled  semiconductor  lasers  are  independent 
nonlinear  oscillators.  Mutual  coupling  connects  those  nonlinear  oscillators  together.  Mutual  coupling  has  been 
observed  to  stabilize  and  quench  the  oscillation  amplitude  such  as  in  the  phenomenon  of  death  by  delay.  Mutual 
coupling  can  also  destabilize  the  nonlinear  system,  to  generate  highly  complex  chaos. 

In  this  paper,  we  study  the  nonlinear  dynamics  of  two  semiconductor  lasers  that  are  mutually  coupled  through 
optoelectronic  paths.  Three  different  system  configurations  with  the  presence  or  absence  of  feedback  to  the  lasers 
are  investigated.  The  effect  of  mutual  coupling  on  the  semiconductor  laser  dynamics  is  found  to  be  significant. 
Stabilization  of  oscillation  is  observed  due  to  mutual  coupling.  Highly  complex  chaos  and  the  route  to  chaos 
are  also  demonstrated.  Synchronization  of  the  dynamical  outputs  from  the  lasers  with  mutual  coupling  is  also 
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Figure  1.  Schematics  of  mutually  coupled  semiconductor  lasers.  Setup  1,  mutually  coupled  semiconductor  lasers  without 
optoelectronic  feedback:  Setup  2.  mutually  coupled  semiconductor  lasers  with  optoelectronic  feedback  for  only  one  laser; 
Setup  3.  mutually  coupled  semiconductor  lasers  with  optoelectronic  feedback  for  both  lasers.  LD:  Laser  diode,  PD. 
Photodetector;  A:  Amplifier;  r:  Feedback  delay  time;  T:  Mutual  coupling  delay  time;  ./:  Bias  current. 

studied.  The  organization  of  this  paper  is  as  follows:  The  system  modeling  and  numerical  results  are  given  in 
Section  2.  Sections  3,  4,  and  5  cover  the  experimentally  observed  effects  of  mutual  coupling  for  each  of  the  three 
different  system  setups.  Various  dynamical  states  under  different  operation  conditions  for  different  coupling 
configurations  are  discussed  in  Section  6.  A  brief  conclusion  is  given  in  Section  7. 

2.  SYSTEM  CONFIGURATION  AND  MODELING 

The  schematics  of  semiconductor  lasers  with  mutual  optoelectronic  coupling  are  shown  in  Fig.  1.  Depending  on 
the  presence  or  absence  of  optoelectronic  feedback  to  the  lasers,  the  system  can  have  three  different  configurations. 
In  all  three  configurations,  the  two  semiconductor  lasers  are  mutually  coupled.  The  output  of  laser  diode  1  (LD1) 
is  coupled  to  laser  diode  2  (LD2)  through  an  optoelectronic  path  which  is  consisted  of  photodetector  2  (PD2) 
and  an  amplifier.  The  detector  PD2  converts  the  optical  signal  into  an  electronic  signal.  The  electronic  signal 
after  PD2  and  the  amplifier  is  sent  to  LD2  through  its  current  drive.  Similarly,  the  output  of  LD2  is  coupled  to 
LD1  through  another  optoelectronic  path  consisting  of  photodetector  1  (PD1)  and  an  amplifier.  The  differences 
in  the  setups  are  in  the  optoelectronic  feedback.  In  Setup  1,  no  laser  has  any  optoelectronic  feedback.  In  Setup  2, 
only  one  laser  has  optoelectronic  feedback.  In  Setup  3,  both  lasers  have  optoelectronic  feedback.  Under  certain 
conditions,  optoelectronic  feedback  can  drive  a  semiconductor  laser  into  nonlinear  oscillation,  such  as  regular 
pulsing,  quasiperiodic  pulsing,  or  chaotic  pulsing.  The  rich  nonlinear  dynamics  of  semiconductor  lasers  with 
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optoelectronic  feedback  have  been  demonstrated.3, 4  In  this  paper,  we  study  the  coupling  effect  on  semiconductor 
lasers  with  mutual  optoelectronic  coupling. 

The  two  semiconductor  lasers  can  be  modeled  by  the  rate  equations  of  the  intracavity  photon  density,  S,  and 
the  carrier  density,  N.  LD1  can  be  modeled  as 


dSi 

dt 

<IN\ 

dt 

yn(t) 


Vciit) 


-7c  1 5,  +  Tg,  (Ar, ,  S,  )S\  +  2y/$&Ftl, 


Ji 
ed 

f 

f  dr)fi(t  -  t])So(ii)/S0. 

J  —  CO 


[1  +  £n//fi  (t  -  T\)  4-  tciyc:\(t  —  T2)]  -  7si N\  —  gi(Ari.,Sfi)Si . 

dflMt-riSAvySo, 


(1) 

(2) 

(3) 

(4) 


The  signal  yn(t  —  ri)  in  Eq.  (2)  is  the  feedback  signal  of  LD1,  where  £fi  is  the  feedback  strength  and  n  is 
the  feedback  delay  time.  As  is  shown  in  Eq.  (3),  yn (t)  is  the  convolution  of  Si(t)  with  the  frequency  response 
function  fi(t)  of  the  photodetector  and  the  amplifier  in  the  loop  of  LDL  Meanwhile,  the  signal  £ci2/ci(£  -  T2)  is 
the  coupling  signal  from  LD2  to  LDL  where  £ci  is  the  coupling  strength  and  T2  is  the  coupling  delay  time.  As 
is  shown  in  Eq.  (4),  yCi(t)  is  the  convolution  of  S2(t)  with  the  frequency  response  function  f\  (/).  The  parameter 
£n.  or  £ri  respectively  goes  to  zero  if  there  is  no  optoelectronic  feedback  or  coupling  to  LDL  In  the  configuration 
of  Fig.  1,  both  the  feedback  and  the  coupling  signals  are  bandwidth-limited  by  the  frequency  response  function 
fx(t)  of  the  photodetector  and  the  amplifier  in  the  loop  of  LDL 

Similarly,  LD2  can  be  modeled  as 
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The  corresponding  parameters  in  LD2  have  the  same  meaning  as  those  in  LDl.  The  parameter  £2  or  £c2 
respectively  goes  to  zero  if  there  is  no  optoelectronic  feedback  or  coupling  to  LD2.  Other  parameters  in  the 
rate  equations  are  the  free-running  intracavity  photon  density  So  when  the  laser  is  not  subject  to  feedback,  the 
optical  gain  coefficient  g(N<  S)  as  a  function  of  N  and  5,  the  bias  current  density  J,  the  cavity  photon  decay 
rate  the  spontaneous  carrier  decay  rate  7S,  the  confinement  factor  of  the  laser  waveguide  F,  the  electronic 
charge  constant  e,  the  active  layer  thickness  d,  and  the  stochastic  noise  term  Fs. 

The  effect  of  coupling  on  the  semiconductor  lasers  can  be  controlled  by  the  four  coupling  parameters  £ci?  Tu 
£02,  and  T2.  Theoretical  analysis  and  numerical  simulations  have  been  carried  out,  and  rich  nonlinear  dynamics 
have  been  observed  in  the  system  modeled  by  Eqs.  (l)-(8).  Complex  chaotic  dynamics  are  found  in  the  system. 
The  characteristics  of  a  typical  chaotic  state  are  shown  in  Fig.  2.  As  is  seen  from  these  characteristics,  the 
time  series  and  power  spectra  of  both  lasers  are  demonstrated  to  develop  into  a  chaotic  state.  Many  interesting 
phenomena  such  as  generation  of  chaos,  quasiperiodic  and  period-doubling  bifurcation  to  chaos,  and  death  by 
delay  are  observed  in  semiconductor  lasers  with  mutual  coupling.  Details  of  these  phenomena  are  discussed  in 
the  following  sections  with  experimental  results. 

In  the  experiments  described  in  the  following  sections,  the  lasers  are  InGaAsP/InP  single-mode  DFB  lasers 
both  at  1.299  /nn  wavelength.  Both  lasers  are  temperature  stabilized  at  21°C.  The  photodetectors  are  InGaAs 
photodetectors  with  a  6  GHz  bandwidth,  and  the  amplifiers  are  Avantek  SSF86  amplifiers  of  0.4  —  3  GHz 
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Figure  2.  Numerically  calculated  time  series  of  mutually  coupled  (a)  LD1  and  (c)  LD2  showing  fully  developed  chaotic 
oscillations.  Corresponding  power  spectra  are  shown  in  (b)  and  (d). 

bandpass.  The  intensity  measured  by  photodetectors  are  recorded  with  a  Tektronix  TDS  694C  digitizing  sampling 
oscilloscope  with  a  3  GHz  bandwidth  and  up  to  1  x  1010  Samples/s  sampling  rate.  Power  spectra  are  measured 
with  an  HP  E4407B  RF  spectrum  analyzer  that  has  a  spectrum  range  from  9  kHz  to  26.5  GHz. 

3.  MUTUAL  COUPLING  WITH  NO  FEEDBACK  ON  BOTH  LASERS 

Setup  1  in  Fig.  1  indicates  the  situation  where  the  two  semiconductor  lasers  have  mutual  optoelectronic  coupling 
but  no  optoelectronic  feedback.  Without  mutual  coupling,  the  two  lasers  are  solitary  lasers.  No  complex  nonlinear 
dynamics  are  observed  in  such  solitary  lasers.  However,  with  mutual  coupling,  complex  dynamics  are  observed  in 
the  system  because  its  dynamical  dimension  is  much  increased  by  this  delayed  coupling  mechanism.  With  Setup 
1,  complex  dynamics  such  as  chaos  are  observed  when  one  or  both  lasers  are  biased  below  threshold.  When  both 
lasers  are  biased  above  threshold,  no  chaotic  pulsing  is  observed.  One  route  to  chaos  m  this  system  is  shown 
to  be  quasiperiodicity.  In  addition,  period-doubling  bifurcation  is  also  found  in  this  system  when  the  coupling 
delay  time  or  the  coupling  strength  is  varied. 

Chaotic  dynamics  and  a  quasiperiodic  route  to  chaos  are  observed  in  this  system.  Figure  3  shows  a  sequence 
of  three  dynamical  states  which  are  regular  pulsing  (RP),  two-frequency  quasiperiodic  pulsing  (Q2),  and  chaotic, 
pulsing  (C),  respectively,  obtained  by  varying  the  coupling  delay  time  T2.  For  each  dynamical  state,  the  time 
series,  power  spectrum,  and  phase  portrait  from  the  system  output,  of  PD2  are  plotted  as  in  the  first,  second,  and 
third  columns,  respectively.  The  output  of  the  system  from  PD1  is  similar  to  that  from  PD2  for  each  dynamical 

state. 

In  Figs.  3(a)-(c),  the  system  is  in  a  regular  pulsing  state.  The  time  series  in  Fig.  3(a)  shows  a  train  of  regular 
pulses  with  a  constant  pulsing  intensity  and  interval.  The  corresponding  power  spectrum  Fig.  3(b)  has  only  one 
fundamental  pulsing  frequency,  /, ,  which  is  about  1  GHz.  The  phase  portrait  Fig.  3(c)  is  obtained  by  recording  a 
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Figure  3.  Quasiperiodic  pulsing  route  to  chaos  for  mutually  coupled  lasers  with  the  configuration  of  Setup  1.  RP:  Regular 
pulsing  state;  Q2:  Two-frequency  quasiperiodic  pulsing  state;  C:  Chaotic  pulsing  state.  First  colum,  time  series;  Second 
colum,  power  spectra:  Third  colum,  phase  portraits. 

peak  sequence  P(n)  at  the  local  intensity  maxima  of  a  pulse  train  and  further  plotting  P(n)  versus  P(n-Fl).  In  the 
regular  pulsing  state,  the  output  has  a  constant  peak  intensity,  and  the  phase  portrait  shows  only  one  spot.  The 
fluctuations  in  the  time  series  and,  consequently,  the  scattering  in  the  phase  portrait  are  mainly  caused  by  the 
noise  in  the  system  and  the  sampling  errors  from  the  oscilloscope.  When  the  coupling  delay  time  To  is  decreased, 
the  system  enters  a  two-frequency  quasiperiodic  pulsing  state  with  the  pulsing  intensity  modulated  at  a  certain 
frequency  fa  as  shown  in  Figs.  3(d)-(f).  The  time  series  clearly  shows  the  modulation  of  the  peak  intensity.  In 
the  power  spectrum,  except  the  pulsing  frequency  /*,  an  incommensurate  fa  indicating  the  modulation  of  peak 
intensity  shows  up.  This  fa  is  related  to  the  coupling  delay  time  T}  and  T>  of  the  mutual  coupling  loop  because 
of  the  nonlinear  interaction  in  this  system.  The  appearance  of  two  incommensurate  frequencies,  j\  and  fa,  is 
the  indication  of  quasiperiodicity.  In  the  phase  portrait,  the  data  points  are  still  scattered  due  to  noise  and 
sampling  errors.  However,  we  can  see  that  the  distribution  in  Fig.  3(f)  is  more  scattered  than  that  in  Fig.  3(c) 
because  of  the  modulation  on  the  pulse  intensity.  In  Figs.  3(h)-(j),  when  T2  is  further  decreased,  the  system 
enters  a  chaotic  pulsing  state.  From  the  time  series,  we  find  that  both  the  pulse  intensity  and  the  pulsing  interval 
vary  chaotically.  At  the  same  time,  the  power  spectrum  of  the  chaotic  pulsing  state  is  broadened  with  a  much 
increased  background,  indicating  the  onset  of  chaos.  The  phase  portrait  shows  a  highly  scattered  distribution  in 
a  large  area.  Therefore,  the  system  is  shown  to  enter  a  chaotic  pulsing  state  through  a  quasiperiodic  route. 

4.  MUTUAL  COUPLING  WITH  FEEDBACK  ON  ONLY  ONE  LASER 

In  Setup  1,  the  two  lasers  have  only  mutual  coupling  but  no  feedback.  This  setup  can  be  modified  to  include 
a  feedback  loop  on  one  laser,  as  is  shown  in  Setup  2  of  Fig.  1.  In  Setup  2,  the  output  from  LD1  is  split 
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into  two  parts.  One  is  coupled  to  LD2,  and  the  other  is  fed  back  to  drive  LD1  through  an  optoelectronic 
feedback  loop  that  consists  of  PD1  and  the  corresponding  amplifier.  Therefore,  even  without,  mutual  coupling, 
LD1  can  have  its  own  nonlinear  dynamics  due  to  the  optoelectronic  feedback.  The  dynamics  of  a  semiconductor 
laser  with  optoelectronic  feedback  has  been  investigated,  and  a  quasiperiodic  route  to  chaos  has  been  reported.3’4 
Nevertheless,  mutual  coupling  can  further  increase  the  complexity  of  both  the  system  and  its  nonlinear  dynamics. 

Figure.  4  shows  a  sequence  of  dynamical  states  obtained  with  Setup  2  by  varying  the  coupling  delay  times  Tx 
and  T2.  From  top  to  bottom,  the  total  coupling  delay  time  Tx  +  T2  is  gradually  increased.  A  mixed  bifurcation 
of  quasiperiodicity  and  period  doubling  showing  the  route  to  chaos  is  demonstrated.  In  Fig.  4,  the  five  rows 
show  five  dynamical  states,  which  are  regular  pulsing  (RP),  quasiperiodic  pulsing  (Q2),  period-two  pulsing  (P2), 
mix  of  period-two  and  quasiperiodic  pulsing  (P2+Q2),  and  finally  chaotic  pulsing  (C).  For  each  dynamical  state, 
the  time  series,  power  spectrum,  and  phase  portrait  from  the  system  output  of  PD2  are  plotted  as  in  the  first, 
second,  and  third  columns,  respectively.  The  output  of  the  system  from  PD1  is  similar  to  that  from  PD2  for 
each  dynamical  state. 

The  first  two  dynamical  states  are  the  RP  and  the  Q2  states,  which  are  similar  to  those  in  Fig.  3.  The 
third  state,  is  a  P2  state,  where  the  pulse  intensity  has  two  distinct  values  which  repeat  one  after  another. 
In  the  power  spectrum,  besides  the  pulsing  frequency  /i,  the  subharmonic  of  /i/2  also  shows  up.  The  othei 
frequency  peaks  are  the  harmonics  and  combinations  of  fx  and  /i/2.  In  the  phase  portrait,  two  scattered  spots 
are  clearly  observed,  which  is  the  characteristic  of  a  period-two  state.  From  the  P2  state,  the  system  further 
evolves  into  a  mixed  state  of  P2  and  Q2.  In  the  time  series,  a  modulation  on  the  pulse  intensity  is  observed. 
In  the  power  spectrum,  a  second  fundamental  frequency  /2  shows  up  besides  the  frequency  peaks  of  a  typical 
P2  state.  The  phase  portrait  shows  two  spots  with  more  scattering  than  those  two  spots  in  a  simple  P2  state 
due  to  the  modulation  on  the  peak  intensity.  Finally,  the  system  enters  a  chaotic  pulsing  state.  Therefore,  it  is 
demonstrated  that  a  mixed  bifurcation  of  quasiperiodicity  and  period-doubling  coexists  in  this  system. 

With  Setup  2  as  shown  in  Fig.  1,  besides  the  mutual  coupling  between  the  two  lasers,  one  of  the  lasers  also 
has  an  optoelectronic  feedback  loop.  Without  mutual  coupling,  one  laser  still  has  its  own  nonlinear  dynamics. 
The  mutual  coupling  further  increases  the  dynamical  dimension  of  the  system  which  results  in  highly  complex 
dynamics  in  the  system.  A  mixed  bifurcation  of  quasiperiodicity  and  period-doubling  is  demonstrated.  The 
system  can  get  into  chaos  through  a  quasiperiodic  pulsing  route  or  a  period-doubling  route  or  a  mixture  of 
these  two.  The  system  with  Setup  2  is  found  to  be  prone  to  chaos,  and  such  chaos  is  more  complex  than  that 
found  in  the  system  with  Setup  1.  Since  LD1  can  have  nonlinear  dynamics  before  mutual  coupling,  an  interesting 
phenomenon  of  death  by  delay  is  also  observed  in  this  setup.  In  the  death  by  delay  phenomenon,  LD1  is  operated 
in  a.  pulsing  state  before  mutual  coupling.  After  mutual  coupling,  this  oscillation  is  quenched  to  zero  amplitude 
due  to  the  delayed  coupling.  Details  of  death  by  delay  are  further  discussed  in  the  following  section. 

5.  MUTUAL  COUPLING  WITH  FEEDBACK  ON  BOTH  LASERS 

In  Setup  3  as  shown  in  Fig.  1,  each  of  the  two  mutually  coupled  lasers  also  has  an  optoelectronic  feedback  loop  of 
its  own.  Even  without  mutual  coupling,  both  LD1  and  LD2  can  have  their  own  nonlinear  dynamics  due  to  their 
optoelectronic  feedback.  The  two  lasers  with  their  optoelectronic  feedback  are  two  nonlinear  oscillators.  With 
this  setup,  we  can  study  the  coupling  effect  between  two  nonlinear  oscillators.  The  coupling  effect  is  found  to  be 
very  significant.  Depending  on  the  coupling  delay  time  and  coupling  strength,  the  mutual  coupling  can  either 
stabilize  the  nonlinear  oscillation  as  in  a  death-by-delay  phenomenon,  or  it  can  drive  the  nonlinear  oscillation 
into  more  complex  dynamical  states  such  as  highly  chaotic  oscillations. 

Death  by  delay  is  a.  very  interesting  and  important  phenomenon  where  two  limit-cycle  oscillators  suddenly 
stop  oscillating  due  to  a  time-delayed  coupling  between  the  two  oscillators.  This  phenomenon  has  been  theoret¬ 
ically  predicted  in  coupled  oscillators  and  has  been  experimentally  observed  in  coupled  circuits  and  biological 
systems.7-9  The  investigation  on  death  by  delay  is  important  because  the  world  is  full  of  oscillators  which  are 
often  coupled  together.  A  sudden  death  of  some  oscillations  can  have  serious  consequences.  Using  Setup  3  in 
Fig.  1,  we  can  conveniently  study  the  effect  of  death  by  delay  in  semiconductor  laser  oscillators  in  particular  and 
the  effect  in  general.  The  mutual  coupling  strength  and  the  coupling  delay  time  can  be  adjusted  by  changing 
the  attenuation  on  the  coupled  optical  power  and  the  optical  path  length  in  the  coupling  channel,  respectively. 
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Figure  4.  Mixed  quasi  per  iodic  and  period- doubling  bifurcation  to  chaos  for  mutually  coupled  lasers  with  the  configuration 
of  Setup  2.  RP:  Regular  pulsing  state;  Q2:  Two-frequency  quasiperiodic  pulsing  state;  P2:  Period-doubling  state;  P2+Q2: 
Mixture  of  period-doubling  and  two-frequency  quasiperiodic  state;  C:  Chaotic  pulsing  state.  First  colum,  time  series; 
Second  colum,  power  spectra:  Third  colum.  phase  portraits. 


The  phenomenon  of  death  by  delay  is  observed  in  the  coupled  semiconductor  lasers  with  very  high  frequency 
limit-cycle  oscillations.  Figure  5  shows  the  time  series,  power  spectra,  and  correlation  plots  of  the  outputs  from 
PD1  and  PD2  in  the  setup  before  and  after  mutual  coupling.  Before  mutual  coupling,  the  two  lasers  are  operated 
in  independent  limit-cycle  oscillations.  The  time  series  and  the  power  spectra  of  such  oscillations  are  shown  in 
Figs.  5(a)  and  (b),  respectively.  As  is  shown,  the  two  lasers  oscillate  at  regular  pulsing  states  with  almost 
the  same  fundamental  frequency  at  1  GHz.  However,  because  the  two  oscillations  are  independent  and  their 
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Figure  5.  Phenomenon  of  death  by  delay  for  mutually  coupled  lasers  with  the  configuration  of  Setup  3.  (a)-(c),  time  series, 
power  spectrum,  and  correlation  plot  of  the  outputs  from  PD1  and  PD2  before  mutual  coupling,  (d)-(f),  corresponding 
plots  after  mutual  coupling. 

oscillation  frequencies  are  not  exactly  the  same,  the  output  from  the  two  lasers  are  not  correlated.  Figure  5(c) 
shows  the  correlation  plot  of  the  output  from  PD1  versus  that  from  PD2.  The  correlation  plot  is  scattered  all  over 
the  i) lace,  which  indicates  that,  the  two  lasers  oscillate  with  uncorrelated  large  amplitude  variations.  However, 
as  soon  as  mutual  coupling  is  applied  to  the  two  semiconductor  lasers,  the  original  large-amplitude  oscillations 
are  suddenly  quenched  to  almost  zero  amplitudes.  The  time  series  and  the  power  spectra  of  the  outputs  in  this 
state  of  mutual  coupling  are  shown  in  Figs.  5(d)  and  (e),  respectively.  As  is  shown,  no  oscillations  exist  anymore, 
and  the  amplitudes  of  both  time  series  are  almost  zero.  The  flat  spectra  in  Fig.  5(e)  are  close  to  the  noise  floor. 
The  residual  fluctuations  in  the  two  lasers  after  mutual  coupling  are  caused  by  noise  from  the  lasers  and  the 
electronic  circuits  in  the  system.  Nevertheless,  comparing  the  time  series  and  the  power  spectra  before  and  after 
mutual  coupling,  it  is  clear  that  the  oscillations  are  almost  completely  quenched  by  the  mutual  coupling  between 
the  two  oscillators.  Figure  5(f)  shows  the  correlation  plot  which  is  almost  a  single  spot  due  to  the  quenched 
amplitude  of  the  oscillations.  In  the  plots  of  time  series  and  power  spectra,  the  output  fiorn  PH2  is  down  shifted 
for  clear  comparison. 

The  phenomenon  of  death  by  delay  happens  only  at  certain  coupling  delay  times.  As  the  two  lasers  are 
mutually  coupled  to  each  other  through  separate  paths,  the  mutual  coupling  delay  times  Tt  and  T2  can  be 
adjusted  separately.  However,  it.  is  the  total  mutual  coupling  delay  time  T\  +  T2  that  determines  the  appearance 
of  a  death  island.  Multiple  death  islands  are  observed  when  the  total  mutual  coupling  delay  time  T,  +  T2  is 
changed  over  a  wide  range.  Figure  6  shows  four  death  islands  when  T)  +  T2  is  varied.  In  Fig.  6,  the  circles  with 
the  connecting  bars  show  the  death  islands  when  T2  is  changed  first,  and  the  squares  with  the  connec  ting  bars 
show  the  death  islands  when  2\  is  changed  first.  When  the  total  coupling  delay  time  is  increased,  a  sequence 
of  death  islands  show  up  at  multiple  positions  which  have  almost  the  same  separations.  In  Fig.  6  the  averaged 
separation  between  the  islands  is  about  1  ns.  This  time  separation  matches  with  the  inverse  of  the  oiiginal 
oscillation  frequency  before  coupling,  which  is  about  1  GHz  as  shown  in  Fig.  5(b).  When  we  either  change  Ti 
first  or  T2  first,  the  values  of  Tj  and  T2  are  not  the  same  for  each  death  island.  However,  the  total  values  of 
T\  +T2  are  the  same  for  each  corresponding  death  island  no  matter  whether  7)  or  T>  is  changed.  This  observation 
confirms  that  the  appearance  of  a  death  island  really  depends  on  the  total  T)  -I-  T2  but.  not  thee  separate  values 
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Figure  6.  Total  coupling  delay  time  T\  -f  T2  for  multiple  death  islands. 


of  Ti  or  To. 

As  we  have  discussed  in  Section  4,  the  phenomenon  of  death  by  delay  is  also  observed  in  Setup  2  as  shown  in 
Fig.  1  where  only  one  laser  has  optoelectronic  feedback.  Actually,  the  locations  of  the  death  islands  for  Setup  2 
and  Setup  3  are  matched  at  the  same  values  of  7\  -f  TV  Based  on  our  investigations,  the  phenomenon  of  death 
by  delay  is  caused  by  a  negative  feedback  loop  from  the  mutual  coupling  to  each  oscillator,  which  quenches  the 
original  oscillation.  The  dependence  of  the  death  islands  on  the  total  mutual  coupling  delay  time  confirms  our 
explanation  because  the  total  mutual  coupling  delay  time  is  exactly  the  delay  time  in  this  negative  feedback  loop 
created  by  the  mutual  coupling.  Since  the  phase  shift  repeats  after  every  period  of  the  oscillation,  the  death 
islands  can  be  repeated  when  the  total  mutual  coupling  delay  time  is  changed  by  a  period  of  the  oscillation.  This 
is  in  good  agreement  with  the  experimental  results  presented  in  Fig.  6. 

As  is  shown  in  Fig.  5.  mutual  coupling  between  two  oscillators  can  quench  the  oscillation  amplitude  and 
stabilize  the  coupled  semiconductor  lasers.  On  the  other  hand,  mutual  coupling  can  also  drive  the  coupled 
oscillators  into  chaotic  states  and  destabilize  the  coupled  semiconductor  lasers.  The  chaotic  state  and  the  route 
to  chaos  are  similar  to  those  obtained  with  Setups  1  and  2.  A  mixed  bifurcation  of  quasiperiodicity  and  period- 
doubling  is  observed. 


6.  DISCUSSIONS 

From  Setup  1  to  Setup  3,  the  system  gradually  changes  from  mutually  coupled  semiconductor  lasers  without 
feedback,  to  one  laser  with  feedback,  and  eventually  to  both  lasers  with  feedback.  We  can  also  compare  the 
dynamical  states  when  such  change  in  configuration  evolves.  The  dynamics  change  significantly  when  the  con¬ 
figuration  is  changed.  With  the  complete  Setup  3  in  Fig.  1,  we  can  conveniently  block  the  mutual  coupling,  any 
one  of  the  two  feedback  loops,  or  both  of  the  feedback  loops.  Thus  we  can  study  changes  in  the  dynamical  states 
of  the  system  with  the  same  operating  conditions  but  under  different  configurations  with  or  without  mutually 
coupling  or  feedback.  Figure  7  shows  a  sequence  of  dynamical  states  when  all  the  operating  conditions  are  fixed 
but  with  the  mutual  coupling  or  feedback  channel  blocked  in  different  ways.  For  each  situation,  the  time  series, 
correlation  plot,  and  correlation  coefficient  are  plotted  in  the  first,  second,  and  third  columns,  respectively. 

In  the  first  situation  as  shown  in  row  (a),  the  two  lasers  both  have  their  own  optoelectronic  feedback  but 
with  no  mutual  coupling.  As  is  shown,  the  two  lasers  each  oscillates  at  an  independent  regular  pulsing  state  due 
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Figure  7.  Different,  dynamical  states  under  the  same  operating  conditions  but  with  different  configurations  in  the  setup. 
Row  (a),  LD1  and  LD2  both  have  optoelectronic  feedback  but  with  no  mutual  coupling;  Row  (b),  LD1  and  LD2  have 
mutual  coupling  but  with  no  optoelectronic  feedback;  Row  (c),  LD1  and  LD2  have  mutual  coupling  but  only  LD2  has 
optoelectronic  feedback;  Row  (d),  LD1  and  LD2  have  mutual  coupling  but  only  LD1  has  optoelectronic  feedback;  Row 
(e),  LD1  and  LD2  have  mutual  coupling  and  both  have  optoelectronic  feedback.  First  colum,  time  series;  Second  colum, 
correlation  plot  of  output  from  PD1  vs.  that  from  PD2;  Third  colum:  shifted  correlation  coefficient  between  the  outputs 
from  PD1  and  PD2. 

to  the  feedback  effect.  However,  the  two  outputs  are  not  correlated  because  there  is  no  mutual  coupling  between 
them.  Thus  the  correlation  plot,  shows  a  very  scattered  distribution  over  the  entire  area.  Shifted  correlation 
coefficient  is  calculated  between  the  outputs  from  PD1  and  PD2  when  the  waveform  from  PD2  is  time  shifted 
gradually.  As  is  shown,  there  is  no  correlation  peak  in  the  plot  which  indicates  that  indeed  the  two  lasers  are 
not  correlated  when  they  are  not  mutually  coupled.  In  the  second  situation  as  shown  in  row  (b),  the  two  lasers 
are  mutually  coupled  but  none  of  them  has  a  feedback  loop.  With  mutual  coupling  only,  the  two  lasers  can 
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have  some  nonlinear  dynamics  due  to  the  nonlinear  effect,  from  mutual  coupling.  Under  the  current  operating 
conditions,  the  two  lasers  oscillate  in  regular  pulsing  states.  Different  from  the  first,  situation,  now  the  two 
lasers  are  mutually  coupled  and  thus  their  oscillations  are  correlated.  As  is  shown,  the  two  lasers  oscillate  at 
the  same  pulsing  frequency.  The  correlation  plot  shows  a  simple  pattern  which  indicates  that  the  two  outputs 
are  correlated  with  some  phase  shift.  In  the  shifted  correlation  coefficient,  there  are  oscillating  correlation  peaks 
which  means  that  the  two  waveforms  are  correlated  regular  pulsing  waveforms.  The  correlation  coefficient  repeats 
when  the  waveform  from  PD2  is  phase  shifted  by  2n  every  time.  In  the  third  situation  as  shown  in  row  (c),  the 
two  lasers  have  mutual  coupling  between  them  but  only  LD2  has  optoelectronic  feedback.  The  two  lasers  are 
not  symmetric  under  this  situation  because  one  laser  has  feedback  while  the  other  one  does  not.  As  a  result, 
the  outputs  from  PD1  and  PD2  are  not  exactly  the  same  but  are  phase  correlated.  The  output  from  PDI  is 
a  regular  pulsing  state,  while  that  from  PD2  is  a  period-two  pulsing  state.  The  correlation  plot  shows  that 
the  two  waveforms  are  correlated  with  fixed  phase  shift.  The  correlation  coefficient  also  has  high  peaks  which 
oscillate  due  to  the  simple  waveform  pattern.  In  the  fourth  situation  shown  in  row  (d),  the  two  lasers  have 
mutual  coupling  between  them  but  only  LD1  has  optoelectronic  feedback.  Although  there  are  mutual  coupling 
in  both  situations  (c)  and  (d).  the  laser  which  has  optoelectronic  feedback  is  switched  in  those  two  situations. 
Since  the  two  lasers  can  have  slightly  different  intrinsic  and  operating  feedback  parameters,  the  dynamical  states 
are  different  in  (c)  and  (d).  In  row  (d),  the  outputs  from  PDI  and  PD2  are  chaotic  due  to  the  combined  effect 
of  mutual  coupling  and  feedback.  The  two  waveforms  are  partially  correlated  because  the  lasers  are  mutually 
coupled.  The  shifted  correlation  coefficient  also  shows  a  correlation  peak  at  the  center.  However,  this  correlation 
is  not  very  high  because  the  two  lasers  are  not  symmetric.  Finally,  in  the  fifth  situation  as  shown  in  row  (e), 
the  two  lasers  have  mutual  coupling  between  them  and  they  both  have  optoelectronic  feedback  also.  Thus  the 
two  lasers  are  exactly  symmetric  in  the  configuration.  As  is  shown,  the  outputs  are  highly  complex  chaotic 
waveforms  due  to  the  combined  effect  of  mutual  coupling  and  optoelectronic  feedback.  Furthermore,  the  two 
chaotic  waveforms  are  highly  correlated  with  a  very  nice  distribution  along  the  45°  diagonal,  indicating  that  the 
two  lasers  are  reliably  synchronized.  The  shifted  correlation  coefficient  also  has  a  single  peak  at  zero  time  shift 
which  means  that  the  two  waveforms  are  synchronized  in  time.  The  high  quality  of  synchronization  between  the 
two  outputs  are  due  to  the  mutual  coupling  and  the  symmetric  configuration  between  the  two  lasers. 

Thus  in  Fig.  7  from  (a)  to  (e),  the  complexity  of  the  system  configuration  is  gradually  increased  as  the 
dynamics  evolve  from  simple  regular  pulsing  state  to  chaotic  pulsing  state.  Although  the  complexity  of  the 
dynamical  states  is  increased,  the  correlation  property  between  the  two  outputs  is  also  increased  due  to  the 
mutual  coupling  between  the  two  lasers  and  also  the  increased  symmetric  configuration  between  them. 

7.  CONCLUSIONS 

Mutually-coupled  semiconductor  lasers  are  investigated  in  order  to  study  the  effect  of  mutual  coupling  on  semi¬ 
conductor  lasers  in  particular  and  such  effect  on  mutually  coupled  systems  in  general.  It  is  found  that  mutual 
coupling  can  significantly  affect  the  dynamical  states  of  the  semiconductor  lasers,  depending  on  the  coupling 
delay  time  and  the  coupling  strength.  Highly  complex  chaos  can  be  generated  in  the  mutually  coupled  lasers. 
A  mixed  bifurcation  of  quasiperiodicity  and  period-doubling  is  found  in  such  lasers.  Death  by  delay  caused  by 
the  effect  of  mutual  coupling  is  demonstrated.  High  quality  of  synchronization  between  the  chaotic  outputs  from 
mutually  coupled  semiconductor  lasers  are  also  observed.  From  these  experimental  demonstrations,  it  is  shown 
that  mutual  coupling  plays  very  important  roles  in  coupled  dynamical  systems. 
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ABSTRACT 

We  study  the  dynamics  of  two  Vertical  Cavity  Surface  Emitting  Lasers  (VCSEL’s),  when  they  are  bidirectionally 
coupled  through  the  mutual  injection  of  their  coherent  optical  fields.  In  the  long  distance  limit  between  the 
lasers,  we  focus  on  the  Low  Frequency  Fluctuations  (LFF)  regime  and  we  investigate  the  polarization- resolved 
dynamics  of  each  laser  under  the  effect  of  detuning.  In  the  short  distance  limit,  the  influence  of  the  propagation 
phase  parameter  is  also  evaluated.  For  large  spin-flip  rates,  it  is  found  that  a  change  in  the  propagation  phase 
may  induce  a  sudden  switch  in  the  polarization  mode  that  becomes  dominant.  Extensive  simulations  scanning 
the  Coupling-Detuning  space  are  performed  for  both  long  and  short  injection  delay  times. 

Keywords:  Semiconductor  Lasers,  VCSEL,  Delay,  Bidirectional  Coupling. 

1.  INTRODUCTION  AND  MODEL 

The  nonlinear  dynamics  of  VCSEL’s  subject  to  external  perturbations  has  been  studied  for  a  long  time.  Conven¬ 
tional  optical  feedback,  polarization  selected  or  rotated  optical  feedback  and  unidirectional  optical  injection1"3 
are  among  the  most  popular  schemes  for  investigating  the  dynamical  response  of  the  VCSEL.  High  frequency 
polarization  modulation  and  polarization  switching  has  been  achieved  with  the  use  of  the  former  setups.  Much 
less  common  in  the  literature  are  the  works  concerning  to  the  mutual  injection  of  two  VCSEL’s  in  a  face  to 
face  configuration,  where  the  experimental  results  obtained  by  Ohtsubo  and  collaborators4  demonstrated  that 
chaotic  synchronization  between  one  mode  (the  x-mode)  of  each  laser  could  be  attained.  However,  an  exhaustive 
investigation  of  the  synchronization  properties  of  this  system  still  lacks  to  be  done.  This  work  is  indeed  devoted 
to  characterize  the  influence  of  several  operating  and  internal  parameters  on  the  dynamics  and  synchronization 
of  two  mutually  coupled  VCSEL’s. 

The  modeling  of  the  setup  is  performed  at  the  level  of  modified  rate  equations,  under  the  framework  of  the 
Spin-Flip-Model  (SFM)5  for  the  individual  dynamics  of  each  VCSEL.  After  the  adiabatic  elimination  of  the 
material  polarization  and  considering  moderate  values  of  the  coupling  constant  (in  order  to  avoid  higher  order 
reflection  terms),  the  equations  governing  the  fields  and  carrier  numbers  inside  each  laser  are 


E1±  =  -iAE1±  +  K(l+ia){Ni±ni-l}Ei±-(-)a  +  hp)EiT+^e  zQTE2±(t-T)  +  F1±(t),  (1) 


Ni  =  -'ye[Ni-^  +  (Ni  +  n1)\E1+\2  +  (N1-n1)\E1_\2],  (2) 

hi  =  -7sn1-7e[(iVi+n1)|£1+|2  +  (iV1-n1)|£1_|2],  (3) 

Eo±  =  iAE2±  +  k(1  +ia)  [iV2  ±  n2  -  1]  E2±  -  (7<,  +  ilP)E2T  +  &~'nTEi±(t  -  r)  +  F2±(t),  (4) 

No  —  —  7e  [N2  —  f.i  +  {N2  +  n2)\E2+\~  +  {No  n2)\E2— 1“]  ,  (5) 

h2  =  — ~isn2  —  7e  [{N2  +  ri2)|£'2+|“  +  (N2  —  ft2)|£2-|2]  •  (6) 
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where  the  electrical  fields  E±  are  written  in  the  circular  basis  and  both  lasers  are  taken  identical,  except  foi  a 
possible  mismatch  between  their  free-running  optical  frequencies  (A  =  ^2  L »  ^  =  )*  01  ^el  slmP^fy 

the  model,  the  transverse  mode  structure  has  not  been  considered  here.  Another  important  assumption  made  in 
the  equations,  is  the  perfect  alignment  between  both  lasers  with  respect  to  their  two  preferred  orthogonal  orien¬ 
tations  for  the  optical  field,  x  and  y.  In  the  former  equations,  N  represents  the  total  inversion  population  while 
n  is  the  difference  in  population  inversions  of  the  two  spin  channels  associated  to  the  emission  of  opposite  circu¬ 
larly  polarized  photons  in  the  SFM  description.  The  last  term  in  the  field  equations  accounts  foi  the  Langevin 
noise  sources  associated  to  the  spontaneous  emission  processes  F±(t)  =  \J f3^e(N  ±  n)*±,  where  for  each  noise 
realization  \±  are  two  independent  complex  random  numbers  with  zero  mean  and  5-correlated.  Typical  values 
of  the  parameters  appearing  in  (1-6)  that  will  be  used  throughout  this  paper  are  collected  in  Table  1. 


Parameter 

Meaning 

Value 

0 

Henry’s  linewidth  enhancement  factor 

3 

K 

field  decay  rate 

300  ns-1 

7c 

total  carrier  number  decay  rate 

1  ns-1 

75 

spin-flip  rate 

50-400  ns-1 

7a 

amplitude  anisotropy 

-0.1  ns"1 

7 p 

phase  anisotropy 

3  ns_i 

V 

normalized  pump 

1-1.5 

? 

coupling  strength 

0-30  ns”1 

r 

injection  delay  time 

0.2-4  ns 

A  v 

frequency  detuning 

0-10  GHz 

0 

spontaneous  emission  factor 

0-1  xlO"5 

Table  1.  Range  of  values  used  in  this  work  for  the  parameters  appearing  in  equations  (1-6). 


The  rest  of  the  paper  is  organized  as  follows.  Section  2  deals  with  the  modification  of  the  LFF  behavioi 
displayed  by  both  polarizations  in  the  appropriate  conditions,  when  a  detuning  is  present  in  the  system.  Section 
3  shows  the  effect  of  changing  the  propagation  phase  between  the  VCSFL  s  in  the  polarization  lesolved  dynamics 
and  how  the  spin-flip  rate  modifies  these  results.  In  Section  4  we  discuss  the  possible  dynamical  states  of  the 
coupled  system  as  function  of  the  detuning  and  coupling  coefficients.  Finally,  a  brief  summary  and  future 
perspectives  are  elucidated  in  the  Conclusions  section. 

2.  LOW  FREQUENCY  FLUCTUATIONS  STATES 

When  two  long-separated  mutually  coupled  Edge  Emitting  Semiconductor  Lasers  (EESL)  are  both  pumped  close 
to  their  solitary  threshold,  they  use  to  enter  in  the  so-called  Low  Frequency  Fluctuations  regime.  It  is  also  known 
that  the  effect  of  the  detuning  on  the  system  is  to  induce  a  leader-laggard  synchronization  between  the  two  optical 
fields. (i  However,  in  the  present  situation,  it  naturally  arise  the  question  of  the  role  of  each  polarization  in  the 
svnchronization  process,  which  has  not  counterpart  in  the  EESL  case.  So,  in  order  to  illustiate  the  polaiization 
resolved  contribution  to  the  LFF  dynamics,  we  plot  in  Figure  1  typical  traces  of  the  x  and  y  polaiized  intensities 
for  several  values  of  the  detuning  parameter.  All  temporal  series  have  been  smoot hened  with  a  fifth-order 
Butter  worth  filter  with  a  high  cut-off  frequency  of  100  MHz. 

In  the  case  of  low  spin-flip  rate,  at  zero  detuning  (a),  only  the  high  frequency  mode  of  each  laser  (x-mode) 
starts  lasing,  exhibiting  the  typical  achronal  synchronized  LFF  traces.  As  usual,  the  cross-correlation  function 
a  (At)  shows  two  maximum  peaks  at  ±r  with  a  correlation  coefficient  of  cr(±r)  ~  0.8/.  Increasing  the  detuning 
(b),  we  find  that  the  low  frequency  mode  starts  to  get  active  taking  the  principal  role  in  the  low  frequency 
dynamics.  Now,  the  x- modes  of  both  lasers  show  a  worse  lag  synchronization  quality  than  in  the  previous  case 
ct(±t)  «  0.63,  while  the  y- modes  cross-correlation  at  ±r  takes  a  value  of  0.92.  In  the  dropouts  sequence,  it 
is  observed  that  is  the  dominant  mode  of  the  laser  with  higher  frequency  who  drops  first.  Further  increasing 
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Figure  1.  Detuning  effect  on  the  LFF.  Time  traces  for  the  x  ( y )  polarized  intensities  are  plotted  in  black  (grey)  Series 
corresponding  to  the  laser  1  has  been  vertically  shifted  for  clearness  reasons.  The  left  panel  contains  simulations  performed 
with  7S  =  50  ns”1  and  y  =  1.01,  while  in  the  right  panel  7 s  =  400  ns”1  and  y  =  1.03,  have  been  used,  a)  Aiv  =  0  GHz, 
b)  Au  =  3  GHz,  c)  A u  —  6  GHz  and  d)  A v  —  10  GHz.  Other  parameters  are  £  =  15  ns”1  and  r  =  4  ns. 

the  frequency  mismatch  (c),  the  system  enters  into  a  stable  locking  area  where  a  constant  output  power  is 
achieved  for  the  different  polarizations.  In  particular,  it  is  noticed  that  for  the  laser  2  (higher  frequency  laser), 
the  dominant  mode  is  the  x-mode,  whereas  for  the  laser  1  (lower  frequency  laser)  is  the  y- mode  the  one  that  is 
extracting  more  optical  power.  For  detunings  as  large  as  10  GHz  (d),  it  turns  out  that  the  dominant  modes  of 
each  laser  are  nearly  perfectly  correlated  with  lag  r,  what  implies  a  synchronization  between  the  y-mocle  of  the 
laser  1  with  the  orthogonally  oriented  x-mode  of  the  laser  2.  Regarding  the  synchronization  of  x  and  y- modes 
belonging  to  the  same  VCSEL,  it  is  worth  to  mention  the  excellent  zero-lagged  synchronization  achieved  by  these 
two  modes  in  the  higher  frequency  laser  (<r(0)  =  0.96).  A  worse  correlation  value  is  obtained  for  x  and  y- modes 
associated  to  the  lower  frequency  laser.  It  is  also  worth  to  mention  the  reduction  of  time  between  consecutive 
dropout  events  for  large  detuning  values. 

For  the  large  spin- flip  rate  case,  it  was  necessary  to  increase  the  pump  value  considered  previously,  in  order  to 
enter  in  the  LFF  regime.  Nevertheless,  the  main  features  of  the  before-mentioned  characteristics  are  also  shared 
in  this  case.  Now,  the  principal  differences  observed  are  that  the  locking  state  is  reached  for  smaller  values  of 
the  detuning  and  that  some  irregular  oscillations  appear  for  intermediate  detunings. 

Finally,  we  show  in  Figure  2  the  optical  spectra  corresponding  to  the  locking  state  observed  in  the  left  panel 
of  Figure  1.  Here,  the  mutual  frequency  pulling  and  pushing  effects  shift  all  the  present  polarization  modes 
(xuyux2  and  j/2)  to  lock  to  a  relative  optical  frequency  around  —6  GHz,  nearly  coinciding  with  the  original 
frequency  mismatch  A u. 

3.  PHASE  PROPAGATION  INFLUENCE  IN  THE  SHORT  INTERCAVITY  REGIME 

When  the  injection  delay  time  between  two  mutually  coupled  semiconductor  lasers  is  much  smaller  than  the 
relaxation  oscillation  period,  the  propagation  phase  90  =  fir  mod  2tt  becomes  a  critical  parameter  in  the 
system.  In  our  case  of  mutually  coupled  VCSEL’s,  we  study  how  this  phase  affects  the  dynamics  of  each 
polarization  mode  and  what  is  the  influence  of  the  spin- flip  rate.  In  Figure  3,  we  show  the  bifurcation  diagrams 
of  the  optical  power  associated  to  the  four  polarization  modes,  when  the  propagation  phase  has  been  taken  as 
the  bifurcation  parameter. 

In  this  first  case  (7S  =  50  ns”1),  we  observe  how  changing  the  propagation  phase,  chaotic,  periodic  and 
steady  states  can  be  selected  for  the  dominant  polarization  (y- modes)  of  each  VCSEL,  by  just  slightly  modifying 
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Figure  2.  Optical  spectra  of  the  polarization  modes  under  frequency  locked  operation.  Black  and  grey  distinguish  the 
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Figure  3.  Left  panel  contains  bifurcation  diagrams  for  the  optical  power  of  the  two  polarization  modes  of  both  lasers. 
Right  panel  shows  the  mean  value  of  the  left  panel  series  when  averaged  over  50  ns.  Black  and  grey  distinguish  the 
;r- modes  from  the  y-modes.  Other  parameters  are  y  =  1.5,  k  =  10  ns"1,  r  =  0.2  ns  and  A  =  0.  A  low  spin-flip  rate  is 
considered  here,  =  50  ns-1. 

the  distance  between  lasers.  Regarding  the  less  powerful  x- modes,  it  is  clear  that  only  at  ceitain  values  of  the 
phase  they  may  become  active,  while  for  other  regions  they  are  strongly  suppressed.  It  is  also  noticed  that  the 
polarization  in  both  lasers  behaves  identically. 

Increasing  the  spin-flip  rate  up  to  *)s  =  400  ns- *,  we  found  a  very  different  behavior  from  the  analyzed  in 
the  previous  case,  as  it  can  be  observed  in  Figure  4.  Now,  a  constant  optical  power  of  each  polaiization  mode 
is  found  for  almost  all  the  phase  values.  Only  narrow  periodic  windows  are  centered  around  selected  values  of 
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Figure  4.  Left  panel  contain  bifurcation  diagrams  for  the  optical  power  of  the  two  polarization  modes  of  both  lasers. 
Right  panel  shows  the  mean  value  of  the  left  panel  series  when  averaged  over  50  ns.  Black  and  grey  distinguish  the 
x-modes  from  the  y-modes.  Same  parameters  than  those  used  in  Figure  3,  except  yp  =  400  ns-1. 

the  propagation  phase.  However,  one  of  the  main  differences  is  related  to  the  fact  that  a  change  in  the  phase 
may  induce  a  switching  between  the  dominant  modes,  i.e.,  depending  on  the  specific  phase  value,  the  dominant 
polarization  can  be  the  x  or  the  y-mocle.  Several  of  these  transitions  are  illustrated  in  the  Figure  4.  We  also 
point  out  that  genericallv,  when  a  mode  becomes  dominant  the  other  one  hardly  carries  any  optical  power. 

4.  NUMERICAL  STUDY  OF  THE  POLARIZATION  DYNAMICS  IN  THE 

COUPLING-DETUNING  PLANE 

Under  this  section,  we  collect  some  numerical  simulations  in  order  to  characterize  the  behavior  of  the  system  in 
the  two-parameter  space  defined  by  the  coupling  and  detuning  coefficients.  The  effect  of  the  distance  between 
lasers  will  be  also  discussed. 

First  of  all,  we  focus  our  attention  on  the  mean  optical  power  extracted  by  each  polarization  mode,  as  function 
of  the  coupling  and  detuning  values.  Figure  5  shows  the  optical  power  averaged  over  50  ns  for  the  afi,  yi,  Xo 
and  j/2,  modes,  when  considering  a  short  injection  delay  time  r  =  0.2  ns  and  a  low  spin-flip  rate  =  50  ns""1. 
Hereafter,  the  pumping  current  will  be  fixed  to  y  =  1.5.  When  uncoupled,  for  the  set  of  parameters  chosen, 
each  VCSEL  is  mainly  emitting  in  its  y  polarization  mode.  This  situation,  where  the  predominant  mode  is  the 
y  one,  is  maintained  in  a  neighborhood  of  the  uncoupled  zero-detuning  state.  However,  as  seen  in  the  Figure  5, 
if  we  allow  for  a  large  detuning  in  the  low  coupling  limit,  then  it  is  the  x-mode  which  becomes  dominant  in  both 
lasers.  As  it  can  be  observed,  this  phenomenon!  occurs  for  both  signs  of  the  detuning  value.  It  is  also  noticed  a 
kind  of  periodic  structure  when  increasing  the  coupling  strength  while  keeping  the  detuning  at  small  values.  So, 
repetitively  the  y-mode  pass  through  a  serie  of  maxima  and  minima  levels  with  a  complementary  behavior  of  its 
i-polarized  counterpart.  Consequently,  under  the  actual  conditions,  coexistence  or  strongly  suppressed  x-mode 
polarization  states  can  be  obtained  by  changing  the  coupling  coefficient. 

In  the  case  that  the  long  distance  limit  between  the  VCSEL’s  is  considered  (see  Figure  6),  we  find  the  same 
kind  of  detuning-induced  change  of  the  dominant  mode  for  low  coupling  rates.  However,  now  we  observe  a 
monotonic  behavior  of  polarization  optical  powers  when  increasing  the  coupling,  contrarily  to  what  happens  in 
the  previous  case  where  a  periodic  structure  was  revealed. 

In  order  to  illustrate  the  dynamics  at  some  points  of  the  former  Coupling-Detuning  plane,  where  only  averaged 
powers  were  computed,  we  show  in  Figure  7  the  temporal  series  and  optical  spectra  corresponding  to  several 
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Figure  5.  Mean  optical  polarization-resolved  power  in  the  Coupling-Detuning  plane.  The  average  has  been  taken  over 
100  ns  of  temporal  evolution.  Short  distance  limit  (r  =  0.2  ns).  Other  parameters  are:  fi  =  1.5,  7*  =  50  ns  and  <p  =  0. 
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Figure  6.  Mean  optical  polarization-resolved  power  in  the  Coupling-Detuning  plane.  The  average  has  been  taken  over 
100  ns  of  temporal  evolution.  Long  distance  limit  (r  =  4  ns).  Other  parameters  are:  fj.  =  1.5,  7*  =  50  ns  1  and  (p  —  0. 

simulations  in  the  short  intercavity  regime,  where  the  detuning  has  been  varied.  Although  a  very  low  coupling 
was  chosen  (£  =  3  ns-1),  aperiodic  oscillations  are  found  even  in  the  absence  of  detuning  for  the  y-mode  of 
each  laser,  while  the  x-mocle  remained  completely  inactive  in  both  VCSEL’s.  As  the  detuning  is  increased,  the 
coexistence  of  both  modes  in  each  laser  exhibiting  irregular  oscillations  leads  to  a  polarization  state  of  the  light, 
that  is  continouslv  moving  over  a  large  portion  of  the  Poincare  sphere  surface  (see  Figure  8).  Further  increasing 
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Figure  7.  Left  panel:  temporal  series  of  the  x  and  y-modes  for  detunings  a)  A  —  0,  b)  5,  c)  10  and  d)  15  rad/ns.  VCSEL 
1  traces  have  been  vertically  shifted  for  clearness  reasons.  Center  panel:  Optical  spectra  for  the  Laser  1  polarization 
modes.  Right  panel:  Optical  spectra  for  the  Laser  2  polarization  modes.  The  coupling  strength  have  been  fixed  to  k  =  3 
ns-1.  The  rest  of  parameters  are  the  same  than  those  used  in  Figure  5. 


the  detuning,  the  y-mocle  of  each  laser  is  switched-off  while  the  x-mode  evolves  in  a  quasiperiodic  state. 

5.  CONCLUSIONS 

In  this  paper,  we  have  explored  the  polarization  resolved  dynamics  of  two  mutually  coupled  VCSEL’s.  Focusing 
on  the  LFF  regime,  we  have  observed  how  detuning  is  able  to  switch  the  dominant  polarization  mode  of  the 
lower  frequency  VCSEL.  Moreover,  frequency  locked  states  were  also  clearly  identified  for  moderate  values  of 
detuning.  Similar  behavior  was  found  for  low  and  high  spin-flip  rates.  Regarding  the  role  of  the  propagation 
phase  between  the  lasers  in  the  dynamics  of  the  system,  we  adjusted  the  injection  delay  time  to  a  very  short  one 
and  scanned  the  phase  in  a  typical  bifurcation  diagram.  The  results  pointed  out  that  for  high  spin-flip  rates, 
a  sudden  switch  in  the  dominant  polarization  mode  can  be  induced  by  slightly  changing  the  intercavitv  phase. 
Finally,  we  performed  extensive  numerical  simulations  varying  the  coupling  rate  and  the  detuning.  As  future 
work,  we  consider  the  generalization  of  the  present  results  to  a  situation  in  which  the  principal  axis  of  both  lasers 
are  not  perfectly  aligned,  i.e.  when  a  VCSEL  is  rotated  with  respect  to  the  other  one. 
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Figure  8.  Evolution  of  the  polarization  in  the  Poincare  sphere  projections  corresponding  to  the  temporal  traces  in  Figure 

7.  Left  and  right  panels  collect  the  results  for  the  laser  1  and  2,  respectively. 
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ABSTRACT 

The  characteristics  of  period-one  oscillations  in  semiconductor  lasers  subject  to  optical  injection  is  exper¬ 
imentally  and  quantitatively  investigated.  The  changes  in  the  frequency  separation  and  in  the  magnitude 
difference  between  the  principal  oscillation  and  the  sideband  of  the  injected  laser  are  studied  as  a  function 
of  experimentally  accessible  parameters,  the  detuning  frequency  and  the  injection  strength  of  the  injection 
signal.  The  frequency  separation  decreases  as  the  injection  strength  and  the  detuning  frequency  decrease. 
The  magnitude  of  the  principal  oscillation  decreases  with  the  decreasing  injection  strength  and  the  increas¬ 
ing  detuning  frequency,  while  that  of  the  sideband  grows  at  the  same  time.  At  some  operating  conditions, 
these  characteristics  leads  to  a  situation  that  the  magnitude  of  the  sideband  becomes  larger  than  that  of 
the  original  principal  oscillation,  resulting  in  a  frequency  shift  of  the  principal  oscillation  from  the  injection 
frequency  to  the  sideband. 

Keywords:  Semiconductor  laser;  Injection  locking;  Nonlinear  dynamics;  Period-one  oscillation 

1.  INTRODUCTION 

The  behavior  of  an  optically  injected  semiconductor  laser  has  attracted  much  attention  over  the  past  years 
because  of  its  importance  in  the  applications  of  optical  communications  and  in  the  exploration  of  laser 
property.  Under  external  optical  injection,  many  modulation  characteristics  of  a  semiconductor  laser  can 
be  modified.  They  include,  for  example,  single-mode  operation  under  high-speed  modulation,1'2  frequency- 
chirp  reduction,3,20'0  linewidth  narrowing,6  optical  frequency  and  phase  modulation/’8  modulation  band¬ 
width  enhancement,9'10  and  noise  reduction.25'11,12  These  characteristics  provide  great  improvements  and 
advantages  of  the  semiconductor  laser  system  for  advanced  technological  applications. 

Depending  on  the  operating  conditions,  an  optically  injected  semiconductor  laser  can  also  undergo  a  rich 
variety  of  different  dynamical  states.  They  include  stable  injection  locking,  locking-unlocking  bistability, 
periodic  oscillations,  deterministic  chaos,  and  many  other  instabilities.13-10  A  map  was  even  experimentally 
obtained13  to  show  the  regions  of  different  dynamical  states  of  an  optically  injected  laser  as  a  function  of 
experimentally  accessible  parameters.  The  abundant  dynamical  behaviors  in  an  optically  injected  semicon¬ 
ductor  laser  provide  great  opportunities  for  researchers  to  investigate  either  from  the  basic  physics  viewpoint 
or  for  possible  technological  applications. 

A  number  of  efforts  have  actually  been  made  to  understand  the  characteristics  of  stable  injection  lock¬ 
ing,16-18  which  include  the  stability  of  locking,  the  locking  range  as  a  function  of  experimentally  accessible 
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parameters,  and  the  relation  between  the  relaxation  oscillation  and  locking.  As  for  the  nonlinear  dynami¬ 
cal  behaviors,  it  was  numerically  predicted*9  and  experimentally  demonstrated”0  that  an  optically  injected 
semiconductor  laser  follows  a  period-doubling  route  to  chaos.  Lately,  a  number  of  efforts  have  been  dedi¬ 
cated  to  understanding  the  mechanism  of  bifurcation"1'  and  route  to  chaos-'1'"4  of  the  laser  system  under 
different  operating  conditions.  With  the  success  in  chaos  synchronization,  chaotic  communication  using  op¬ 
tically  injected  semiconductor  lasers  has  been  demonstrated.-0  The  effects  of  different  modulation  schemes 
on  the  laser  systems  in  chaotic  communication  was  also  explored.26  While  many  studies  have  been  done 
to  understand  the  characteristics  and  applications  of  deterministic  chaos,  there  is  little  investigation  on 
period-one  oscillations.13  Therefore,  in  this  study,  an  experiment  is  conducted  to  quantitatively  explored 
the  characteristics  of  period-one  oscillations  in  optically  injected  semiconductor  lasers. 

2.  EXPERIMENTAL  SETUP 

Figure  1  is  a  schematic  of  the  experimental  apparatus.  One  laser  diode  operating  at  the  optical  frequency 
7/y]  is  used  as  the  master  laser.  The  output  of  the  master  laser  is  used  to  injection  lock  a  second  laser,  the 
slave  laser,  initially  oscillating  at  the  free-running  frequency  vSL.  The  frequency  difference,  /  =  vUL  -  uSL, 
between  the  master  and  the  slave  lasers  is  named  as  the  detuning  frequency  in  the  study.  In  the  path  of  the 
injection,  there  consist  of  one  half  wave  plate,  one  polarizing  beam  splitter,  one  Faraday  rotator,  and  another 
halfwave  plate  in  sequence.  The  first  half  wave  plate,  HW1,  is  used  to  change  the  polarization  state  of  the 
injection  signal.  This  in  turns  determines  the  level  of  the  injection  that  can  be  guided  to  the  slave  laser  due 
to  the  polarization-dependent  beam  splitter  following  HW1.  Therefore,  the  level  of  the  injection  from  the 
master  laser  can  be  varied  by  either  adjusting  HW  1  and/or  the  variable  attenuator.  The  injection  stiength 
received  by  the  slave  laser  is  characterized  by  the  injection  parameter,  £,15  in  the  study.  The  injection 
parameter  is  proportional  to  the  ratio  of  the  electric  fields  between  the  injection  signal  and  the  free-running 
slave  laser.  The  square  of  the  injection  parameter  is  proportional  to  the  injection  power  actually  received 
by  the  slave  laser.  The  second  half  wave  plate,  HW2,  is  so  adjusted  that  most  of  the  output  of  the  slave 
laser  transmits  through  the  polarizing  beam  splitter,  and  that,  at  the  same  time,  the  polarization  state  of 
the  injection  signal  becomes  the  same  as  that  of  the  slave  laser  output  right  before  the  lens.  Note  that  the 
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Figure  1.  Schematic:  of  the  experimental  apparatus.  ML:  master  laser;  SL:  slave  laser;  L:  lens;  PBS: 
polarizing  beam  splitter;  M:  mirror:  HW:  half  wave  plate;  FR:  faraday  rotator;  VA:  variable  attenuator;  01: 
optical  isolator;  FC:  fiber  coupler;  PD:  photodiode:  OSA:  optical  spectrum  analyzer;  MSA:  microwave/ RF 
spectrum  analyzer. 
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Faraday  rotator  rotates  linear  polarization  of  an  optical  field  by  45  degree  along  the  same  direct  no  matter 
which  side  of  the  rotator  the  optical  field  is  incident  into. 

The  output  of  the  slave  laser  is  coupled  into  a  single-mode  fiber,  evenly  split  by  an  optical  fiber  cou¬ 
pler,  and  finally  sent  to  a  detection  system  to  measure  both  optical  and  power  spectra.  Power  spectra  are 
obtained  by  first  using  a  high-speed  photodiode  (Discovery  Semiconductors  DSC20S-3-FC)  of  35-GHz  fre¬ 
quency  response  to  convert  the  optical  signal  to  an  electrical  signal,  next  by  amplifying  the  electrical  signal 
through  an  RF  amplifier  (HP  83006A)  that  has  a  gain  of  20  dB  and  a  bandwidth  of  26.5  GHz,  and  finally  by 
displaying  the  amplified  electrical  signal  on  a  microwave  spectrum  analyzer  that  has  a  bandwidth  of  50  GHz 
(HP  85C5E).  Optical  spectra  are  taken  by  using  a  scanning  Fabry- Perot  interferometer  (Newport  SR260C) 
with  a  free  spectral  range  of  200  GHz  and  a  Finesse  of  8888,  and  also  by  using  an  Michelson-type  optical 
spectrum  analyzer  (Advantest  Q8347)  with  a  wavelength  resolution  of  around  0.01  nm  at  1.55  fim.  Optical 
isolators  are  used  to  avoid  mutual  injection  and  to  reject  back-reflection  light  from  any  component  in  the 
optical  path. 

The  lasers  used  in  this  experiment  are  single-mode  distributed  feedback  semiconductor  lasers  from 
Bookham  Technology.  The  threshold  current  for  the  slave  laser  is  approximately  18  in  A.  The  bias  cur¬ 
rent  of  the  slave  laser  is  fixed  at  40  mA  and  the  temperature  is  kept  at  18°  C  throughout  the  study.  This 
results  in  an  output  power  of  approximately  4.5  mW  and  an  oscillating  wavelength  of  around  1313.3  nm. 
The  threshold  current  for  the  master  laser  is  around  15  in  A.  The  bias  current  is  varied  around  113  mA 
depending  on  the  preferred  operating  condition,  and  the  temperature  is  fixed  at  15.5°  C. 

3.  DYNAMICAL  CHARACTERISTICS 

At  a  given  bias  current  level,  the  dynamical  characteristics  of  a  semiconductor  laser  subject  to  external 
optical  injection  depend  on  two  operational  parameters  of  the  injection  signal,  the  detuning  frequency,  /, 
and  the  injection  parameter,  £.15  Figure  2  shows  the  progression  of  the  observed  optical  spectra  and  the 
corresponding  power  spectra  from  the  optically  injected  laser  system  under  consideration  when  the  detuning 
frequency  is  fixed  at  /  —  7.55  GHz  and  the  injection  strength  is  decreased  from  the  highest  level  that 
can  be  achieved  in  the  experiment.  The  optical  and  power  spectra  are  shown  in  the  columns  on  the  left- 
and  right-hand  sides  of  Fig.  2,  respectively.  The  optical  spectra  presented  here  are  taken  using  the  scanning 
Fabry- Perot  interferometer  with  a  frequency  resolution  of  22.5  MHz,  which  are  also  monitored  and  confirmed 
by  using  the  Michelson-type  optical  spectrum  analyzer.  Note  that,  in  the  optical  spectra,  the  frequency  axis 
is  relative  to  the  free-running  frequency  of  the  slave  laser.  The  dotted  curve  in  each  of  the  optical  spectrum 
plot  represents  the  optical  spectrum  of  the  free-running  slave  laser,  which  serves  as  a  comparison  with  that 
of  the  optically  injected  slave  laser. 

In  Fig.  2  (a-1),  f  •==  2.65  x  1CT1,  the  optical  spectrum  consists  of  a  single  very  sharp  line  at  the  injection 
frequency,  indicating  that  the  slave  laser  is  stably  locked  to  the  injection  signal.  The  corresponding  power 
spectrum,  as  depicted  in  Fig.  2  (a-2),  shows  no  significant  spectral  feature  but  a  small  bump  above  the  noise 
level  of  the  system  at  around  28  GHz,  which  is  not  shown  in  the  figure.  This  confirms  the  observation  in 
the  optical  spectrum.  The  small  bump  observed  in  the  power  spectrum  represents  the  relaxation  resonance 
sidebands.  Because  the  magnitude  of  relaxation  resonance  sidebands  is  very  small,  they  are  obscured  in  the 
optical  spectrum  by  the  system  noise  around  —22  dB.  The  frequency  difference  between  the  relaxation  reso¬ 
nance  sidebands  and  the  principal  oscillation  is  commonly  referred  to  as  the  relaxation  resonance  frequency. 
Therefore,  the  relaxation  resonance  frequency  of  the  stably  injected  laser  is  around  28  GHz.  Note  that  the 
relaxation  resonance  frequency  of  the  free-running  slave  laser  is  around  10  GHz.  This  suggests  a  nearly  3 
fold  of  enhancement  in  the  resonance  frequency  for  the  injection-locked  slave  laser,  implying  a  similar  level 
of  enhancement  in  modulation  bandwidth. 

As  the  injection  level  is  slowly  decreased  from  £  =  2.65  x  10_1,  the  principal  oscillation  still  locks  at 
the  injection  frequency  and  the  relaxation  resonance  sidebands  shift  toward  the  principal  oscillation,  thus 
reducing  the  relaxation  resonance  frequency  from  28  GHz.  Meanwhile,  the  magnitude  of  the  relaxation 
sidebands  increases.  When  the  level  of  the  optical  injection  is  so  reduced  that  the  Hopf  bifurcation  boundary 
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is  crossed,  the  locked  laser  becomes  unstable.  The  Hopf  bifurcation  boundary  is  the  upper  boundary  of  the 
stable  injection  locking  region.15  In  Fig.  2  (b-1),  $  =  2.34  x  10-1,  one  sharp  sideband  emerges  at  the  lower 
frequency  of  the  spectrum,  which  is  an  experimental  signature  of  a  period-one  oscillation.13- *  The  feature 
of  the  period-one  oscillation  is  also  observed  in  the  power  spectrum  as  shown  in  Fig.  2  (b-2).  The  frequency 
separation  between  the  principal  oscillation  and  the  emerging  sideband  is  around  26  GHz.  As  also  observed, 
the  magnitude  of  the  principal  oscillation  is  20  dB  larger  than  that  of  the  emerging  sideband. 

If  we  further  decrease  the  injection  strength  from  E,  —  2.34  x  10  1,  the  principal  oscillation  continues 
to  oscillate  at  the  injection  frequency  with  a  decreased  magnitude.  Moreover,  the  emerging  sideband  grows 
in  magnitude,  gradually  approaching  that  of  the  principal  oscillation.  The  sideband  also  moves  toward  the 
principal  oscillation  in  frequency,  reducing  the  frequency  separation  between  them.  Figure  2  (c-1),  where 


Optical  Spectra  Power  Spectra 


Frequency  Offset  (GHz)  Frequency  (GHz) 


Figure  2.  Measured  optical  spectra  and  the  corresponding  power  spectra  of  the  optically  injected  semicon¬ 
ductor  laser  at  a  fixed  detuning  frequency  of  7.55  GHz  as  a  function  of  the  injection  parameter.  They  are 
shown  in  the  columns  on  the  left-  and  right-hand  sides,  respectively.  The  dotted  curve  in  each  of  the  optical 
spectrum  plot  is  the  optical  spectrum  of  the  free-running  slave  laser. 
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Figure  2  (Cont.).  Measured  optical  spectra  and  the  corresponding  power  spectra  of  the  optically  injected 
semiconductor  laser  at  a  fixed  detuning  frequency  of  7.55  GHz  as  a  function  of  the  injection  parameter.  They 
are  shown  in  the  columns  on  the  left-  and  right-hand  sides,  respectively.  The  dotted  curve  in  each  of  the 
optical  spectrum  plot  is  the  optical  spectrum  of  the  free-running  slave  laser. 

£  =  1.72  x  10-1,  shows  such  observations.  Now  the  frequency  spacing  between  the  principal  oscillation  and 
the  emerging  sideband  decreases  to  around  23  GHz  which  can  be  more  easily  observed  in  Fig.  2  (c-2),  and 
the  magnitude  of  the  principal  oscillation  is  10  dB  larger  than  that  of  the  sideband.  Figure  2  (d-1),  where 
£  =  1.04  x  10“ 1 ,  shows  another  such  observations  when  the  injection  strength  is  further  decreased.  The 
frequency  separation  now  becomes  20  GHz,  and  the  magnitude  of  the  principal  oscillation  is  only  3  dB  larger 
than  that  of  the  sideband. 

If  the  injection  level  continues  to  reduce,  the  emerging  sideband  becomes  the  same  magnitude  as  that 
of  the  oscillation  at  the  injection  frequency,  as  shown  in  Fig.  2  (e-1)  where  £  =  7.54  x  10~2.  As  observed, 
the  frequency  separation  between  them  now  is  around  18  GHz,  smaller  than  that  in  Fig.  2  (d-1).  Note  that 
there  is  a  second  sideband  appearing  at  a  lower  optical  frequency  that  is  two  times  the  frequency  separation 
away  from  the  oscillation  at  the  injection  frequency.  This  is  the  harmonic  signal  of  the  first  sideband  due 
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to  the  inherent  nonlinearity  of  the  laser  system.  The  corresponding  power  spectrum  shown  in  Fig.  2  (e-2) 
does  not  show  such  a  harmonic  signal  due  to  the  limited  bandwidth  of  the  spectrum  analyzer.  As  the 
injection  level  is  further  decreased,  the  first  sideband  becomes  the  principal  oscillation  as  shown  in  Fig.  2 
(f-1)  where  £  =  4.55  x  1CT2.  Now  the  magnitude  of  the  “original  principal  oscillation”  is  3  dB  smaller 
than  that  of  the  “emerging  sideband” .  This  indicates  a  frequency  shift  of  the  principal  oscillation  from  the 
injection  frequency  to  the  period-one  oscillation  sideband,  and  the  amount  of  the  shift  in  frequency,  under 
this  operating  condition,  is  round  16  GHz.  It  is  observed  that  the  amount  of  the  shift  in  the  optical  frequency 
for  the  principal  oscillation  increases  with  the  positively  increasing  detuning  frequency.  It  is  also  found  that 
the  second  sideband  grows  in  magnitude.  In  addition,  a  new  sideband  emerges  at  the  high  frequency  side  of 
the  spectrum.  The  frequency  separation  between  the  new  sideband  and  the  signal  at  the  injection  frequency 
is  the  same  as  that  between  the  principal  oscillation  and  the  signal  at  the  injection  frequency. 

In  Fig.  2  (g-1),  £  =  1.24  x  10~2,  the  magnitude  of  the  signal  at  the  injection  frequency  keeps  decreasing 
while  the  magnitude  of  other  signals  keeps  increasing.  In  addition,  the  first  sideband,  which  is  now  the 
principal  oscillation,  moves  toward  the  signal  at  the  injection  frequency  further,  approaching  the  free-running 
frequency  of  the  slave  laser.  Similar  phenomena  are  observed  if  the  injection  strength  keeps  decreasing.  At 
this  fixed  detuning  frequency  of  7.55  GHz,  the  magnitude  difference  between  the  principal  oscillation  (the 
first  sideband)  and  the  signal  at  the  injection  frequency  can  be  as  large  as  12  dB.  In  addition,  the  frequency 
separation  between  the  principal  oscillation  and  the  signal  at  the  injection  frequency  reduces  to  around  13 
GHz,  which  is  very  close  to  the  relaxation  resonance  frequency  of  the  free-running  slave  laser,  due  to  the  shift 
of  the  principal  oscillation  toward  the  high  frequency  side  of  the  spectrum.  As  the  injection  level  is  further 
reduced,  a.  broadened  spectrum  occurs  which  indicates  a  transition  to  chaotic  dynamics,  as  that  shown  in 
Fig.  2  (h-1)  where  £  =  8.64  x  10-3.  Note  that  the  optical  power  is  spread  over  the  spectrum  so  that  the  peaks 
are  relatively  small  in  magnitude.  Nevertheless,  the  dynamical  state  for  this  operating  condition  shows  some 
structure  of  periodicity,  as  suggested  in  Fig.  2  (h-2).  The  broadened  spectrum  continues  as  the  injection 
level  decreases. 


4.  ANALYSIS  AND  DISCUSSION 

As  discussed  in  Fig.  2  on  period-one  oscillations,  the  sideband  shifts  in  frequency  toward  the  signal  at  the 
injection  frequency  as  the  injection  strength  is  decreased,  thus  reducing  the  frequency  difference  between 
them.  In  addition,  the  sideband  gains  more  power  as  the  injection  level  is  reduced.  Below  a  certain  injection 
strength,  the  optical  power  of  the  sideband  becomes  so  large  that  it  dominates  the  signal  at  the  injection 
frequency,  thus  becoming  the  principal  oscillation.  Similar  observations  are  also  found  for  other  detuning 
frequencies  as  the  injection  level  is  varied.  This  suggests  that  the  characteristics  of  the  period-one  oscillation 
follows  a  certain  pattern  as  the  injection  strength  changes. 

L(;t  us  now  first  study  how  the  frequency  difference  between  the  signal  at  the  injection  frequency  and  the 
first  sideband  varies  with  the  detuning  frequency  and  the  injection  strength.  Figure  3  shows  the  frequency 
difference  as  a  function  of  the  detuning  frequency  for  several  magnitude  differences.  The  same  open  symbol 
is  used  to  indicate  the  operating  conditions  that  have  the  same  magnitude  difference.  A  number  is  labeled 
next  to  each  curve  consisting  of  the  same  symbols  to  indicate  the  corresponding  value  of  the  magnitude 
difference.  Note  that  the  magnitude  difference  is  defined  by  subtracting  the  magnitude  of  the  signal  at  the 
injection  frequency  from  that  of  the  first  sideband.  For  a  fixed  magnitude  difference,  it  is  observed  that 
the  frequency  difference  increases  with  the  positively  increasing  detuning  frequency.  Therefore,  if  a  certain 
power  ratio  of  the  principal  oscillation  to  the  sideband  is  required  in  applying  period-one  oscillation  while 
the  frequency  separation  between  them  needs  to  be  varied,  the  detuning  frequency  is  adjusted  accordingly. 

As  also  found  in  Fig.  3.  if  a  detuning  frequency  is  specified,  the  frequency  difference  increases  with  the 
decreasing  magnitude  difference.  Note  that  the  frequency  shift  of  the  principal  oscillation  from  the  signal  at 
the  injection  frequency  to  the  first  sideband  happens  when  the  magnitude  difference  is  above  zero.  It  is  then 
found  that  if  a  larger  frequency  shift  in  the  principal  oscillation  is  preferred  for  a  fixed  detuning  frequency, 
a  smaller  power  ratio  of  the  principal  oscillation,  which  is  now  the  original  first  sideband,  to  the  sideband, 
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Figure  3.  Frequency  difference  between  the  principal  oscillation  and  the  first  sideband  in  period- one 
oscillations  as  a  function  of  the  detuning  frequency  for  several  magnitude  differences.  The  same  open  symbol 
is  used  for  a  certain  magnitude  difference.  A  number  is  labeled  next  to  each  curve  consisting  of  the  same 
symbols  to  indicate  the  corresponding  value  of  the  magnitude  difference. 


which  is  now  the  signal  at  the  injection  frequency,  is  expected.  In  addition,  it  is  found  that  the  amount  of 
the  frequency  shift  in  the  principal  oscillation  increases  with  positively  increasing  detuning  frequency.  In 
Fig.  3,  it  is  also  found  that  for  a  fixed  frequency  difference,  varying  the  detuning  frequency  can  change  the 
power  ratio  between  the  principal  oscillation  and  the  sideband. 

Figure  4  shows  the  frequency  difference  as  a  function  of  the  injection  parameter  for  several  magnitude 
differences.  The  same  open  symbol  is  used  as  in  Fig.  3.  It  is  found  in  Fig.  4  that  for  a  fixed  magnitude 
difference,  the  frequency  separation  between  the  principal  oscillation  and  the  sideband  in  period-one  oscilla¬ 
tion  increases  with  the  increasing  injection  strength.  It  is  also  observed  that  for  a  fixed  injection  strength, 
the  frequency  difference  generally  increases  with  the  increasing  magnitude  difference.  This  suggests  that  if 
the  injection  power  has  to  be  fixed  at  a  certain  level,  the  frequency  difference  can  be  changed  by  varying  the 
magnitude  difference.  As  also  found  in  Fig.  4,  if  the  frequency  difference  is  specified,  the  power  ratio  between 
the  principal  oscillation  and  the  first  sideband  can  be  adjusted  through  the  change  in  injection  power.  At 
certain  weak  injection  levels,  the  frequency  shift  of  the  principal  oscillation  from  the  signal  at  the  injection 
frequency  to  the  first  sideband  would  happen.  By  taking  advantage  of  the  observations  in  both  Figs.  4  and 
3,  preferred  characteristics  of  a  period-one  oscillation  can  be  obtained  by  properly  adjusting  the  injection 
strength  and  the  detuning  frequency. 


5.  CONCLUSION 

The  characteristics  of  period-one  oscillations  in  an  optically  injected  semiconductor  laser  as  a  function  of  the 
injection  strength  and  the  detuning  frequency  of  the  injection  signal  are  experimentally  and  quantitatively 
studied.  If  the  detuning  frequency  is  fixed  but  the  injection  strength  is  varied,  at  high  injection  strength, 
the  principal  oscillation  of  the  injected  laser  locks  at  the  injection  frequency  and  one  side  peak  appears  at 
a  frequency  below  the  injection  frequency.  As  the  injection  strength  decreases,  the  principal  oscillation  still 
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Figure  4.  Frequency  difference  between  the  principal  oscillation  and  the  first  sideband  in  period-one 
oscillation  as  a,  function  of  the  injection  parameter  for  several  magnitude  differences.  The  same  open  symbol 
is  used  as  in  Fig.  3  for  a  certain  magnitude  difference.  A  number  is  labeled  next  to  each  curve  consisting  of 
the  same  symbols  to  indicate  the  corresponding  value  of  the  magnitude  difference. 


locks  at  the  injection  frequency  but  the  side  peak  moves  toward  the  injection  frequency,  thus  decreasing  the 
frequency  spacing  between  them.  Moreover,  the  magnitude  of  the  principal  oscillation  decreases  while  that 
of  the  side  peak  increases.  This  process  continues  as  the  injection  strength  continues  to  decrease.  At  some 
injection  strength,  both  optical  signals  become  the  same  in  magnitude  but  still  different  in  frequency.  If 
the  injection  strength  is  further  decreased,  a  frequency  shift  of  the  principal  oscillation  from  the  injection 
frequency  to  the  “side  peak”  happens.  Similar  studies  are  conducted  for  different  detuning  frequencies. 
It  is  found  that  the  frequency  spacing  increases  with  the  detuning  frequency  and  the  injection  strength. 
Moreover,  it  is  observed  that  the  magnitude  difference  decreases  with  the  injection  strength  but  increases 
with  the  detuning  frequency. 
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ABSTRACT 

The  dynamical  behavior  of  a  single-mode  laser  subject  to  optical  feedback  is  investigated  in  the  limit,  when  the 
delay  time  is  much  shorter  than  the  period  of  the  relaxation  oscillations.  Use  of  an  integrated  DFB  device  allows 
us  to  control  the  feedback  phase.  The  system  shows  a  very  rich  manifold  of  nonlinear  phenomena.  Among  them 
are  two  kinds  of  Hopf  bifurcations  associated  with  regular  self-pulsations  of  different  frequencies  as  well  as  a  fold 
and  period  doubling  bifurcation. 

Keywords:  semiconductor  laser,  nonlinear  dynamics,  optical  feedback,  self-pulsations,  mode-commutations 

1.  INTRODUCTION 

The  single-mode  laser  is  a  paradigm  of  self-organization  in  dissipative  systems.1  At  threshold  it  undergoes  a 
transition  from  incoherent  to  coherent,  emission.  One  optical  mode  becomes  undamped  here  in  a  Hopf  bifurcation. 
Its  contribution  to  the  optical  field  is  harmonically  oscillating  and  dominates  beyond  threshold,  giving  rise  to  high 
coherence.  Distributed  feedback  (DFB)  semiconductor  lasers  come  close  to  this  ideal.'2  They  exhibit  continuous 
wave  (CW)  single  mode  emission  up  to  high  pump  currents.  Upon  a  perturbation  the,  intensity  returns  back 
to  the  stationary  CW  value  with  well  damped  relaxation  oscillations  (RO).  Optical  feedback  can  destabilize 
the  CW  state.3  Phenomena  like  self-sustaining  intensity  pulsations,  coherence  collapse,4  and  others  have 
been  recently  predicted  and  experimentally  observed.  Potential  applications  cover  high-speed  data  transmission, 
cryptography,5  etc. 


Figure  1.  Scheme  of  the  investigated  DFB  laser  with  integrated  passive  feedback  section.  The  active  zone  (A9=1.55  pm) 
is  removed  in  the  feedback  section;  the  waveguide  layer  (A,  =1.3  pm)  is  common  to  both  sections.  Jdfb:  pump  current 
DFB  section,  Ip  pump  current  in  feedback  section. 


Optical  feedback  is  usually  achieved  by  combining  the  laser  with  an  external  mirror.  The  characteristic 
parameters  are  (i)  the  delay  time  r  through  the  round  trip  in  the  external  cavity,  (ii)  the  intensity  fraction  A- 
that,  re-enters  the  laser  and  (iii)  the  phase  <p  of  the  feedback  field.  The  behavior  in  presence  of  feedback  crucially 
depends  on  the  number  of  modes  that  are  of  relevance  in  the  compound  device.  This  number  grows  when  the 
feedback  strength  I\  increases.  A  second  factor  arises  through  the  time-scales  involved.  Photon  life-times  in 
typical  semiconductor  lasers  are  rP  «  1-10  ps,  while  the  period  of  the  relaxation  oscillations  tr  ranges  between 
0.1  and  1  ns.  In  the  long-cavity  limit,  addressed  in  most  previous  studies,  r  is  much  longer  than  tr.  The  solitary- 
mode  is  hence  transformed  in  a  quasi-continuous  spectrum  of  external  cavity  modes,  even  for  modest  A .  The 
consequence  is  an  irregular  dynamical  response  with  stochastic  power  dropouts.  Studies  on  shorter  cavities  have 
yielded  qualitatively  different  behavior.31516  Here,  the  feedback  phase  begins  to  influence  the  field-inversion 
dynamics  in  the  laser.  Regular  intensity  pulsations  have  been  reported  already  in  early  studies  .3  However, 
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the  multimode  nature  of  the  used  Fabry-Perot  lasers  mixes  with  feedback  effects.3  Using  single  mode  lasers 
in  a  short  feedback  regime  ( t/tr  «  0.3  to  1),  recently  pulse  packages  have  been  observed  that  originate  from 
a  global  trajectory  along  a  limited  number  of  modes  in  the  phase- inversion  space.  The  metamorphosis  of  this 
scenario  with  even  shorter  delay  time  was  not  subject  to  experiments  yet.  An  exception  are  DFB  lasers  with 
active  feedback  used  to  generate  self-pulsations  of  several  ten  GHz.10  The  dynamics  of  these  devices  is  however 
modified  by  coupling  of  the  photons  to  two  independent  inversion  ensembles.11  Only  the  limit  of  feedback  with 
zero  delay  is  well  known  -  the  reflectivity  from  cleaved  facets  does  not  cause  dynamic  instabilities  in  DFB  lasers. 

In  the  present  paper  we  consider  structures,  where  laser  and  external  cavity  are  monolithically  integrated  in  a 
single  device  (Fig.  1).  They  enable  to  access  the  regime  of  very  short  cavities.  Here,  the  length  of  both  laser  and 
feedback  section  is  in  the  some  100-//m  range  resulting  in  t/tr  ^  0.01.  In  this  situation,  two  different  pulsation 
phenomena  are  expected:  mode-beating  (MB)  pulsations  of  mode-anti-mode  pairs7,8  and  undamped  RO.9,13 
Thus,  the  regime  of  pulse  packages  may  be  not  the  ultimate  short-cavity  limit  with  nontrivial  dynamics. 

The  present  paper  summarizes  the  first  experimental  verification  of  these  theoretical  predictions.  It  is  or¬ 
ganized  as  follows:  Device  and  experimental  setup  are  described  in  Section  2.  Section.  3  reviews  the  observed 
dynamical  scenarios.  Phase  tuning  features  are  investigated  in  more  detail  in  Sec.  4.  A  theoretical  discussion  of 
these  experimental  results  in  terms  of  optical  modes  and  bifurcations  is  sketched  in  Sec.  5,  followed  by  a  detailed 
experimental  verification  of  predicted  bifurcations  in  Sec.  6.  We  finish  with  some  conclusions. 

2.  DEVICE  AND  SETUP 

The  investigated  device  is  sketched  in  Fig.  1.  It  is  based  on  InGaAsP-InP  material  system  and  the  optical  wave 
is  guided  by  a  ridge  waveguide  structure.  It  consists  of  two  sections:  a  Tdfr  —  220  ji m  long  DFB  laser  is 
integrated  with  a  passive  feedback  section  of  length  Lp  =  200  /mi.  The  active  bulk  Agap  =  1.55  (x m  layer  of 
the  DFB  laser  is  embedded  in  an  asymmetric  Agap  =  1.3  //m  InGaAsP  optical  waveguide  which  has  an  index 
coupled  grating  without  phase  shifts.  A  coupling  coefficient  k  =  130  cm-1  was  chosen  in  order  to  prevent  mode 
switching  between  the  two  stop-band  sides  of  the  DFB  laser.  The  short  wavelength  mode  is  supported  by  the 
resulting  longitudinal  hole  burning.  The  facet  of  the  DFB  section  is  anti-reflection  (AR)  coated  with  a  remaining 
power  reflectivity  of  10-4. 

In  the  feedback  section  the  1.55  //m  layer  is  removed  and  the  remaining  layers  do  not  directly  couple  to 
the  emission  of  the  laser.  Its  rear  facet  is  cleaved,  with  a  resulting  power  reflectivity  B  &  0.3.  The  feedback 
parameters  are 


4?r 

neffTp, 

(i) 

Tap  exp(— apLp)\/R, 

(2) 

2Lpv~\ 

(3) 

The  phase  shift  cj)  is  proportional  to  the  effective  refractive  index  n9 ff  which  in  turn  is  affected  by  the  carriers 
injected  into  this  section.  Therefore,  the  current  Ip  can  be  used  for  phase  tuning  at  fixed  laser  parameters  in 
contrast  to  previous  studies  exploiting  laser  current3  (and  references  therein)  or  laser  temperature.15, 16  The 
measured  phase  tuning  characteristics  is  shown  in  Fig.  2.  More  than  3  phase  periods  are  accessible  before  the 
phase  shift  saturates  beyond  80  mA.  A  secondary  effect  of  Ip  is  induced  free-carrier  absorption.  It  degrades  the 
feedback  strength  K  by  roughly  a  factor  3  in  the  considered  range  of  currents.  Comparing  with  transmission 
spectra  of  non-biased  isolated  feedback  sections  cut  from  the  same  wafer,  we  estimated  about  10  cm-1  background 
losses  in  the  feedback  cavity  and  a  transmissivity  Tap  «  0.7  of  the  active-passive  interface.  The  corresponding 
feedback  amplitudes  range  from  K  «  0.3  down  to  K  «  0.1.  The  measured  group  index  c/v^  «  3.5  is  nearly 
independent  of  the  phase  current,  yielding  a  constant  delay  r  «  5  ps.  The  according  round-trip  frequency 
r-1  «  200  GHz  is  nearly  two  orders  of  magnitude  larger  than  typical  relaxation  oscillation  frequencies  and, 
hence,  the  present  device  realizes  the  limit  of  very  short  feedback  cavities. 

In  order  to  detect  and  to  characterize  self-pulsations,  the  experimental  setup  of  Fig.  3  is  used.  The  two 
section  laser  is  connected  to  an  oscilloscope,  an  optical  spectrometer  and  an  electrical  spectrum  analyzer  by  a 
single  mode  optical  fiber  (SM  Patchcord  9/125)  from  the  DFB  facet.  The  sampling  oscilloscope  (HP  54120B 
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Figure  2.  Phase  tuning  properties  of  the  passive  section.  Left  panel:  movement  of  ASE  ripples  with  the  injection  current 
of  the  feedback  section  (phase  current).  The  intensity  of  the  ASE  spectra  is  coded  with  the  given  grey  scale.  Right  panel: 
Phase  shift,  versus  phase  current,  deduced  from  the  ASE  spectra. 


temperature  stabilizer 

Figure  3.  Experimental  setup.  The  emission  of  the  laser  under  investigation  is  analyzed  with  a  power  spectrometer  R&S 
FSP  9.  a  digital  50  GHz  sampling  oscilloscope  (HP  54120B),  and  a  Czerny-Turner  spectrometer  (0.015  nm  resolution) 
with  an  infrared  camera  as  detector. 


Digitize  Oscilloscope)  with  an  u2t,  photo  diode  is  used  to  obtain  time  series.  The  bandwidth  of  the  oscilloscope 
is  50  GHz.  The  optical  spectra  are  measured  by  a  Czerny-Turner  spectrometer  (THR  1500,  grating  600  g/mm) 
with  an  IR.  camera  as  detector.  An  attenuator  between  the  laser  and  the  spectrometer  is  used  to  control  the 
output  intensity.  Power  spectra  were  measured  by  an  electrical  spectrum  analyzer  with  a  bandwidth  of  40  GHz 
(R&S  FSP  9 /40GHz)  using  u2t.  photo  diode.  The  time  averaged  mean  power  was  measured  by  an  optical  power- 
motor  (NOYES  OPM  5),  with  averaging  time  of  5  s.  The  whole  set  of  measurements  are  done  at  varying  currents 
in  the  passive  and  active  sections.  Currents  are  controlled  by  the  current  source  (Tektronix/Profile  PRO  8000). 
Both  sections  of  the  laser  are  kept  at  a  constant,  temperature  20  C°±  0.05  C°  . 
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3.  REGIONS  OF  SELF-PULSATIONS 


In  order  to  find  the  theoretically  predicted  self- pulsations  we  map  the  two  injection  currents  over  a  wide  range. 
Depending  on  the  point  of  operation,  different  types  of  RF  and  optical  spectra  are  observed.  Fig.  4  shows 
characteristic  examples.  A  single  line  in  the  optical  spectrum  and  a  flat,  noise  floor  in  the  RF  spectrum  are 
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Figure  4.  Characteristics  of  the  most  prominent  types  of  laser  emission.  Left  column:  power  spectra,  middle  column: 
optical  spectra,  right  column:  histograms.  Upper  row:  CW  emission  (point  CW  of  Fig.  5,  7ofb  =  65  mA,  Ip  =  45  mA). 
Middle  row:  undamped  RO  pulsation  (point  RO  of  Fig.  5,  /dfb  =  50  mA,  Ip  =  28  mA).  Lower  row:  MB  pulsation  (point 
MB  of  Fig.  5,  /dfb  =  70  mA,  Ip  =  11  mA). 


attributes  of  CW  emission.  Sharp  and  strong  RF  peaks  and  a  corresponding  splitting  of  the  optical  emission  line 
into  several  sublines  are  the  fingerprints  of  self- pulsations.  Fig.  5  shows  the  regions  in  the  two-parameter  plane 
/nFR  ~  Ip  where  the  major  RF  peak  exceeds  the  noise  floor  by  more  than  5  dB. 

Cycles  of  alternating  SP  and  CW  regimes  appear  in  dependence  on  Ip  due  to  the  phase  tuning  property  of 
this  current.  The  injection  level  of  the  DFB  section  has  only  a  small  influence  on  the  position  of  the  SP  islands. 
This  influence  is  due  to  the  change  of  the  feedback  phase  with  the  emission  wavelength.  The  SP  islands  of  the 
different  cycles  are  similar  but  not  identical  because  7p  influences  not  only  the  phase  but  also  the  strength  of 
feedback. 

The  frequencies  of  SP  range  from  about  1  GHz  up  to  24  GHz.  They  increase  sublinearly  with  7ofb  in  the 
lower  part  of  each  SP  island.  This  behavior  is  a  fingerprint  of  relaxation  oscillations.  We  can  conclude  that,  those 
parts  of  the  SP-islands,  which  continuously  evolve  from  these  low  frequency  parts  are  regions  of  undamped  RO. 
Below  we  shall  give  more  evidence  for  this  conclusion.  We  shall  also  proof  that  the  high-frequency  parts  of  the 
islands  are  not  RO  pulsations,  in  particular  the  upper  parts  within  the  first  two  phase  cycles. 

The  right  column  in  Fig.  4  shows  how  frequent  a  given  optical  power  is  detected  by  the  oscilloscope  within 
a  persisted  time.  These  histograms  provide  further  statistical  characteristics  of  the  measured  signals.  The 
stationary  state  is  represented  by  a  single  peak  at  the  mean  power.  Its  width  is  a  measure  for  the  noise  induced 
intensity  fluctuations.  Regular  pulsations  are  characterized  by  wide  two-peak  distributions.  The  peaks  represent 
the  mean  minimum  and  maximum  powers.  Their  heights  measure  how  fast  the  intensity  passes  through  the 
respective  extrema.  The  RO  histogram  exhibits  a  high  extinction  ratio  and  a  very  distinct  peak  at  the  minimum 
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Figure  5.  Self-pulsation  regions  in  the  plane  of  phase  and  DFB  current.  The  gray  levels  code  the  frequency  of  the  major 
peak  in  the  RF  spectrum.  White:  CW  emission  (major  RF  peak  less  than  5  dB  above  noise  floor).  Diamonds:  points  of 
operation  presented  in  Fig.  4. 

power.  Thus,  the  RO  pulsations  are  comparatively  short  pulses  separated  by  relatively  long  valleys  with  minimum 
intensity.  In  contrast,  the  extinction  of  MB  pulsations  is  smaller  and  the  two  similar  peaks  indicate  a  nearly 
sinusoidal  behavior. 

4.  PHASE  TUNING 

So  far  we  have  identified  the  regions  and  frequencies  of  self-pulsations.  The  phase  cui rent  appealed  as  main 
parameter  for  the  bifurcations  from  CW  to  SP.  Now  we  give  a  deeper  characterization  of  the  SP  and  of  the 
bifurcations  associated  with  the  feedback  phase.  To  these  purposes  we  change  the  phase  current  in  steps  of 
0.1  mA  from  0  mA  to  80  mA  and  reverse,  keeping  the  DFB  current  at  50  mA.  Mean  intensity,  modulation  depth, 
and  wavelength  of  the  emission  from  the  DFB  facet  are  recorded  in  each  point  of  operation.  In  Fig.  6,  the  data 
are  plotted  versus  the  phase  parameter  </)  determined  from  Ip  as  described  in  Section  2. 

Power  and  wavelength  undergo  cyclic  variations  with  <f>  and  exhibit  distinct  hysteresis  effects  due  to  the 
movement  of  external  cavity  modes  across  the  fixed  DFB  resonance.  The  power  becomes  maximum  when  a 
mode  coincides  with  the  resonance.  With  changing  </i  from  here,  the  threshold  increases  and  the  power  decreases 
until  a  jump  to  the  next,  better  mode  appears.  The  regions  of  nonzero  modulation  deptli  in  Fig.  6c.)  are  indications 
of  self-pulsations.  They  appear  for  increasing  phase  (forward  direction)  in  each  period  just  before  jumping  to 
the  next  mode.  Similar  power  and  wavelength  ondulat.ions  were  observed  when  changing  the  injection  current 
of  a  semiconductor  laser  subject  to  external  optical  feedback.3 

The  different  periods  are  not  completely  equivalent  because  Ip  changes  not  only  the  phase  of  the  feedback 
but  also  its  strength  K  from  «  0.3  down  to  «  0.1  in  the  investigated  current  range  (see  Section  2).  Obviously, 
hysteresis  and  pulsation  effects  are  most  sensitive  to  this  effect.  They  qualitatively  change  from  region  ii  to 
region  iii. 

In  regions  i  and  ii  pulsations  occur  only  with  small  amplitude  in  a  small  interval  in  forward  direction  and  the 
frequencies  are  around  20  GHz  as  expected  for  MB  pulsations.  In  the  othei  two  periods,  the  SP  have  distinctly 
smaller  frequencies,  higher  amplitudes,  and  show  less  hysteresis. 

5.  THEORETICAL  ANALYSIS 

The  above  observations  reveal  a  specific  scenario  that  is  analyzed  now  more  closely.  The  longitudinal  modes  of 
the  compound  cavity,  comprising  DFB  and  feedback  section,  follow  from  the  lound-tiip  condition 

q(U.  N)  exp  (-Mr)  =  I<  exp  (4) 
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feedback  phase  <|>/2jc 

Figure  6.  Control  of  the  dynamics  by  feedback  phase.  Panel  a)  mean  output  power  P .  Panel  b)  shift  A  A  of  the  main 
peak  in  the  optical  spectrum  Panel  c)  modulation  depth  M  (difference  between  maximum  and  minimum  on  the  sampling 
oscilloscope).  Solid:  increasing  Ip.  Dotted:  decreasing  Ip.  The  phase  cj)  (bottom  scale)  is  determined  from  the  phase 
current  (top  scale)  according  to  Fig.  2.  The  DFB  current  is  kept  at  5G  mA. 


where  N  is  the  average  carrier  density  in  the  laser  and  ft  denotes  the  complex  mode  frequency,  measured  relative 
to  the  Bragg  resonance  at  transparency.  The  DFB  enters  here  by  its  inverse  amplitude  reflectivity2 


Q  = 


—  COt(7Z/DFB)  ”  — 

K  K 


(5) 


with  72  =  / 3 2  —  k?  and  the  propagation  constant 

m  N)  =  i[(i  +  a„)g'(N  -  Ntr)  -  q0]  + 

2  Vg 


(6) 


The  parameters  involved  (k  =  130  cm-1:  coupling  coefficient  of  index  grating  ,  =  —5:  linewidth  enhancement 

factor,  cto  =  25  cm-1:  background  absorption,  r/  =  10-20  m2:  differential  gain,  including  the  transverse 
confinement  factor,  Ntr  =  1024  m~3:  carrier  density  at  transparency  level)  have  been  deduced  from  independent 
measurements. 

The  solutions  of  the  complex  valued  Eq.  (4)  are  quite  complex  surfaces  in  the  three  dimensional  space  spanned 
by  Re  ft,  Im  ft,  and  N .  Fig.  7  depicts  these  solutions  by  curves  of  constant  K  and  constant  (j)  in  two  different 
plane  cuts  through  this  space.  The  modes  of  the  solitary  laser  (K  =  0)  are  represented  by  vertices,  where  the 
equi-phase  lines  move  together.  The  left  panels  shows  the  so-called  external  cavity  modes.  They  belong  to  a 
fixed  N,  here  the  threshold  density  of  the  solitary  laser.  Obviously,  the  very  short  delay  of  our  device  has  a 
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considerable  impact  on  the  mode  structure.  Without  delay,  curves  of  constant  feedback  strength  \^q((t,N)  |=  K 
are  orbits  around  the  mode  of  the  solitary  laser.  Their  extension  is  an  increasing  function  of  K.  With  delay, 
the  factor  exp(ifir)  in  Eq.  4  gives  rise  to  additional  modes.  At  small  K  =  0.1,  these  new  external  cavity  modes 
are  highly  damped  and  located  on  a  separate  line  well  above  the  orbit  of  the  central  laser  mode.  At  the  higher 
—  0.3,  this  line  has  moved  down  and  it  merged  with  the  central  orbit  forming  a  deep  valley. 


Figure  7.  Modes  calculated  from  Eqs.  (4  to  6).  Curves  of  constant  feedback  (K  =  0.1  dashed,  K  =  0.3  solid)  and  curves 
of  constant  phase  (thin  grey,  10  lines  per  phase  period)  are  drawn  in  all  panels.  Panels  a)  and  b)  External  cavity  modes 
in  the  damping-wavelength  plane,  carriers  fixed  to  the  threshold  density  of  the  solitary  DFB  laser.  Panel  c)  Compound 
cavity  modes  in  the  wavelength-density  plane  lm(fi)=0.  The  carrier-induced  shift  A 0(N)  is  subtracted  here  for  clarity. 
Gray  aroa:  regions  of  instability. 

Fig.  7c  shows  the  central  part  of  the  same  scenario  in  terms  of  modes  at  threshold,  often  called  compound 
cavity  modes.  Standard  single-mode  stability  analysis6  of  these  modes  yields  two  types  of  instabilities:  saddles 
in  the  region  labelled  ’anti-inodes’  and  undamped  relaxation  oscillations  in  the  small  island  denoted  by  ’UR, O’. 
The  grey  borders  of  these  islands  represent,  saddle-node  and  Hopf  bifurcations,  respectively.  The  orbit  K  =  0.1 
touches  the  ’URO’  island  but  not  the  more  extended  orbit  I<  =  0.3.  This  island  topology  explains,  why  R,0 
pulsations  are  only  found  in  higher  phase  periods  of  7P  (see  Fig.  5),  as  K  is  sufficiently  reduced  here.  It  is 
also  consistent  with  the  observation  of  similar  Hopf  bifurcations  for  longer  cavities.16  Undamped  lelaxation 
oscillations  are  hence  a  common  feature  of  short  and  ultra-short  cavities  with  weak  feedback. 

While  the  form  of  the  orbit  in  the  right  panel  is  independent  on  r,  the  delay  controls  the  number  of  modes 
enclosed.  For  small  IC,  exp (ifir)  «  1  holds  along  the  orbit.  Only  one  mode  exists  that  rotates  with  <f>  clockwise 
around  the  orbit.  However,  variation  of  (It  along  extended  orbits  is  associated  with  a  change  of  </>  by  more 
than  one  period,  enabling  thus  several  modes.  It  is  this  interrelation  between  feedback  delay  and  strength  that 
gives  rise  to  new  dynamics,  even  though  r  /  tr  1.  The  variation  of  <j)  is  not  monotonous  along  the  orbit.  The 
equi-phase  lines  are  tangential  with  the  orbit,  where  it  enters  the  anti-mode  region.  Pairs  of  modes  appear  or 
disappear  here  in  saddle-node  bifurcations.  With  increasing  <j>,  the  stable  modes  move  up  on  the  left  part  of  the 
loop,  while  the  unstable  anti-modes  do  so  on  the  right-hand  side. 

At  a  particular  phase,  mode  and  anti-mode  arrive  at  comparable  threshold  densities  (triangles).  Here,  both 
modes  accommodate  to  each  other  at  a  common  density  and  MB  pulsations  emerge  in  a  Hopf  bifurcation. 

This  scenario  is  reminiscent  of  the  bifurcation  bridges  predicted  for  long  delay  times.8  The  peculiar  feature 
of  the  ultra-short,  cavity  regime  is  the  existence  of  only  one  anti-mode,  yielding  regular  dynamics,  whereas  the 
pulse-package  scenario10  involves  multiple  anti-modes.  The  device  output  is  therefore  qualitatively  diffeient,. 
Pulse  packages  are  pulse  sequences  with  a  repetition  rate  exactly  given  by  the  external  cavity  frequency  1/r, 
amplitude-modulated  with  a  frequency  below  1/tr.  At  variance,  the  MB  pulsations  are  not  modulated  and  t.heii 
frequency  is  by  about,  one  order  of  magnitude  smaller  than  1/r,  due  to  pulling  of  the  side-mode  by  the  DFB 
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resonance.  The  transition  between  both  regimes  is  an  interesting  subject  of  future  research.  We  note  finally  that 
the  instability  above  state  2  is  also  the  source  of  the  hysteresis  observed  experimentally.  For  decreasing  0,  state 
1  moves  to  longer  wavelengths  and,  in  contrast  to  forward  phase,  reaches  the  saddle-node  bifurcation.  Here,  the 
laser  switches  to  the  only  stable  state  of  same  0  on  the  left  part  of  the  orbit. 

6.  BIFURCATIONS 

So  far  we  have  shown  how  two  different  t.ypes  of  SP  can  be  generated  by  properly  choosing  the  phase  current. 
Theory  predicts  both  types  of  SP  to  be  born  in  a  Hopf  bifurcation.8,9, 13  which  is  the  classical  scenario  of 
temporal  self-organization.  Now  we  search  for  experimental  evidence  for  this  prediction. 

Mathematically  a  Hopf  bifurcation  is  characterized  by  a  pair  of  complex  conjugated  eigenvalues  of  the  dy¬ 
namical  matrix  moving  across  the  imaginary  axis.  What  does  it  mean  from  physical  point  of  view?  Among 
many  vibrational  modes  there  is  one  oscillator  whose  damping  approaches  zero.  In  order  to  detect  this  process 
experimentally,  we  can  profit  from  the  noise  in  our  real  system,  which  is  omnipresent  e.g.  due  to  spontaneous 
emission.  Noise  drives  all  possible  oscillations.  If  the  damping  of  one  oscillator  approaches  zero,  its  oscillation 
amplitude  increases.  An  increasing  and  narrowing  line  should  appear  in  the  power  spectrum  as  a  precursor  of 
the  Hopf  bifurcation,  whose  position  and  width  are  a  direct  measure  for  the  relevant  complex  eigenvalues. 

6.1.  Subcritical  Hopf  bifurcation 

First  we  apply  this  concept  to  the  SP  region  iii  of  Fig.  6.  The  modulation  depth  re-plotted  in  a  zoomed  scale 
exceeds  the  noise  level  when  approaching  the  pulsation  region  from  left.  This  amplitude  increase  is  already  the 
fingerprint  of  an  oscillator  getting  undamped.  At  the  same  time,  a  well  resolvable  line  in  the  rf  spectra  appears 
(see  of  Fig.  8).  The  distinct  decay  of  its  width  gives  evidence  of  a  Hopf  bifurcation  at  this  boundary  of  the 
self- pulsation  region. 


Figure  8.  a)  Characteristics  of  the  Hopf-bifurcation  of  R,0  self- pulsations.  DFB  current  at  50  mA.  Small  circles:  mod¬ 
ulation  depth.  Full  circles:  half-width  7rA v  of  the  resonance  line  in  the  rf  spectrum.  Open  circles:  damping  rate  rj1  of 
relaxation  oscillations.  Both  linewidth  and  decay  rate  approach  zero.  The  horizontal  offset  of  the  decay  rates  is  possibly 
due  to  a  change  of  the  point  of  operation  caused  by  the  external  excitation,  b)  Set  of  histograms  with  a  change  of  the 
phase  current. 

In  order  to  evaluate  the  physical  nature  of  the  undamped  oscillator,  the  laser  was  excited  by  an  external 
pulse  and  the  decaying  response  was  measured  (see  inset  of  Fig.  8).  The  decay  rates  fall  with  the  same  slope  as 
the  rf  linewidths.  Thus,  the  oscillations  undergoing  the  Hopf-bifurcation  are  relaxation  oscillations.  The  small 
deviation  between  measured  resonance  widths  and  decay  rates  is  possibly  due  to  a  small  impact  of  the  external 
excitation  on  the  feedback  phase. 
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Figure  9.  a)  Characteristics  of  the  Hopf-bifurcation  of  mode-beating  self-pulsations.  DFB  current  at  70  mA  Small  circles^: 
modulation  depth.  Frill  circles:  half-width  of  the  resonance  line  in  the  rf  spectrum.  Open  circles:  damping  rate  rd 
of  relaxation  oscillations,  b)  Evolution  of  histograms  with  phase  current  . 


The  frequency  of  the  decaying  oscillations  is  12  GHz  in  agreement  with  the  rf-peak  positions,  distinctly  above 
the  RO  resonance  of  comparable  DFB  lasers  without  feedback.  This  finding  is  a  typical  effect  of  undamping  by 
dispersive  Q-switching  which  is  accompanied  by  an  increase  of  the  effective  differential  gain. 

The  modulation  depth  suddenly  blows  up  when  crossing  the  bifurcation  accompanied  by  a  slowing  down  of 
the  oscillations  from  12  GHz  to  9  GHz.  However,  no  hysteresis  is  observable  within  the  experimental  resolution. 
We  conclude,  the  investigated  point  of  operation  is  very  close  to  a  codimension  two  degenerate  Hopf  bifurcation, 
where  the  Hopf  changes  its  character  from  subcritical  to  supercritical. 

The  evolution  of  pulsations  can  also  be  observed  in  the  histograms  (Fig.  8b).  The  stationary  state  at  28.2  mA 
is  represented  by  a  single  peak  with  about  0.8  mW  mean  power.  At  28.5  mA,  the  histogram  shows  the  typical 
features  of  RO  pulsations.  However,  this  transition  is  not  sudden  as  might  be  concluded  from  panel  a).  In  a  finite 
intermediate  range,  the  RO-peaks  appear  smoothly  in  the  same  manner  as  the  single  cw-peak  drops  down.  We 
attribute  this  phenomenon  to  noise  induced  transitions  between  the  two  stable  attiactois  close  to  the  subcritical 
Hopf  bifurcation.  Obviously,  the  transitions  from  cw  to  RO  and  back  appear  with  comparable  probabilities 
within  this  range.  This  feature  confirms  the  proximity  to  a  degenerate  Hopf. 

6.2.  Supercritical  Hopf  bifurcation 

The  same  technique  is  applied  now  to  the  mode-beating  pulsations  on  a  horizontal  cut  crossing  point  MB  in 
Fig.  5a).  The  spectra,  of  the  SP  along  the  cut  are  similar  to  that  in  point  MB  (Fig.  4).  They  indicate  nearly 
sinusoidal  mode-beating  pulsations  with  frequencies  around  20  GHz.  The  left  boundary  of  the  pulsation  region 
depicted  in  Fig.  9  is  not  sharp,  the  modulation  depth  raises  smoothly  here.  However,  the  mode-beating  line  in 
the  power  spectrum  emerges  from  a  precursor  whose  width  falls  rapidly  when  approaching  the  pulsation  legion. 
Thus,  the  mode-beating  pulsations  are  also  born  in  a  Hopf  bifurcation  as  predicted  theoretically.8  The  measured 
decay  rates  of  relaxation  oscillations  keep  high  along  this  bifurcation.  Thus,  the  oscillator  undergoing  the  Hopf 
bifurcation  is  not  connected  with  the  relaxation  oscillations. 

The  evolution  of  the  histograms  in  Fig.  9b  exhibits  similar  tendencies  as  previously  observed  in  the  case  of 
the  subcritical  Hopf  bifurcation.  The  height  of  the  main  peak  decreases  and  its  width  increases  with  the  increase 
of  the  current.  However,  the  two  peaks  of  the  pulsating  state  appear  now  in  a  smooth  transitions  which  clearly 
resembles  the  features  of  a  supercritical  Hopf  bifurcation. 
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7.  CONCLUSION 


A  single-mode  DFB  laser  with  an  biased  passive  feedback  cavity  has  been  investigated  experimentally.  Although 
the  5  ps  feedback  delay  is  shorter  by  two  orders  of  magnitude  compared  to  the  period  of  relaxation  oscillations,  it 
is  crucial  for  the  dynamics  of  the  device.  Two  different  types  of  self-sustaining  intensity-pulsations  are  detected 
depending  on  strength  and  phase  of  the  feedback  which  are  controlled  by  the  bias  to  the  passive  section.  One  type 
of  pulsations  is  emerging  in  a  Hopf-bifurcation  from  relaxation  oscillations.  These  oscillations  become  undamped 
due  to  dispersive  self-Q  switching.  The  second  type  of  pulsations  is  a  mode-anti-mode  beating  pulsation.  It 
is  also  born  in  a.  Hopf  bifurcation.  These  findings  represent  first,  experimental  evidence  for  recent  theoretical 
predictions.8'9  A  supplementary  mode  and  stability  analysis  agrees  well  with  measurements  and  it  is  used  to 
discuss  the  relations  to  intermediate-delay16  as  well  as  zero-delay  regimes. 
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Abstract 

Self-pulsating  semiconductor  lasers  are  deviced  to  reduce  optical  feedback  noises  as  light  sources  in  optical  data  storage 
systems.  However,  they  themselves  include  instabilities  in  their  solitary  oscillations  without  any  optical  feedback  and 
they  also  show  unstable  behaviors  induced  by  optical  feedback.  We  experimentally  investigate  instabilities  and 
dynamics  of  self-pulsating  semiconductor  lasers  without  and  with  optical  feedback  from  a  distant  reflector  on  the  order 
of  several  tens  of  centimeters  to  one  meter. 

Keywords:  self-pulsating  semiconductor  lasers,  instability,  optical  feedback,  chaos 

1.  Introduction 

Semiconductor  lasers  are  used  as  light  sources  in  various  optical  information  processing  and  optical 
communications.  Optical  feedback  from  external  optical  components  in  semiconductor  lasers  causes  serious  problems  in 
optical  data  handling  and  transmission,  since  semiconductor  lasers  are  very  sensitive  to  external  optical  feedback.  "  For 
suppressing  external  optical  feedback  noises,  a  technique  of  high-frequency  modulation  to  injection  current  of 
semiconductor  lasers  was  frequently  used  in  optical  data  storage  systems.  Self-pulsating  lasers  are  deviced  and  used  in 
optical  data  storage  systems  as  a  robust  light  source  for  optical  feedback.  Self-pulsating  semiconductor  lasers  can 
generate  pulsating  oscillations  without  any  external  modulations  according  to  their  unique  device  structures.'  ‘  Indeed, 
self-pulsating  lasers  are  used  for  digital  versatile  disk  (DVD)  systems  to  reduce  optical  noises  induced  by  optical 
feedback  from  disk  surfaces.  Although  they  are  aimed  to  reduce  optical  feedback  noises,  noises  are  sometimes  much 
enhanced  under  certain  conditions  of  feedback  configurations. 

Though  a  large  number  of  self-pulsating  semiconductor  lasers  are  currently  used  in  optical  data  storage  systems 
as  light  sources  tolerant  to  optical  feedback  noises,  their  dynamic  characteristics  both  for  solitary  oscillation  and  optical 
feedback  have  not  sufficiently  investigated.  In  optical  data  storage  systems,  feedback  distance  is  usually  a  few 
centimeters.  This  length  is  short  enough  within  a  separation  of  successive  pulses  in  self-pulsating  lasers.  The  study  for 
the  dynamics  in  such  systems  is  very  important  in  a  sense  of  practical  applications  of  self-pulsating  lasers. _Even  for  such 
important  characteristics,  a  little  study  for  the  dynamics  induced  by  optical  feedback  has  been  reported.  On  the  other 
hand,  the  dynamics  of  optical  feedback  from  a  distant  reflector  in  self-pulsating  lasers  are  also  important  for  practical 
applications,  such  as  the  use  of  light  sources  in  optical  measurements.  In  this  report,  we  conducted  experimental  study 
for  the  dynamics  of  self-pulsating  lasers  with  optical  feedback  when  an  external  reflector  is  located  at  several  tens  of 
centimeters  to  meter.  We  found  various  new  dynamic  characteristics  of  self-pulsating  semiconductor  lasers. 


2.  Experiments 

Fig.  1  shows  the  experimental  setup.  The  laser  used  in  the  experiment  was  a  SONY  SLD1 134VL  self-pulsating 
semiconductor  laser  of  AlGalnP  multi-quantum  well  (MQW)  structure  with  oscillation  wavelength  of  655  nm  and  a 
maximum  output  power  of  5  mW.  The  bias  injection  current  of  the  laser  was  fixed  by  a  stabilized  current  source  driver 
and  the  temperature  of  the  laser  was  controlled  by  an  automatic  temperature  control  circuit.  The  laser  was  developed  for 
a  light  source  of  digital  versatile  disk  systems.  The  emitted  light  from  the  laser  is  collimated  and  the  part  of  the  beam 
was  fed  back  from  an  external  reflector  to  the  active  area  of  the  laser  resonator  or  the  substrate  of  the  laser  device.  The 
feedback  strength  was  adjusted  by  a  neutral  density  (ND)  filter  inserted  in  the  optical  path.  The  external  feedback 
fr  action  to  the  collimated  lens  in  front  of  the  laser  facet  was  12  %  of  the  averaged  intensity.  But  the  actual  amount  of  the 
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feedback  to  the  active  layer  was  much  less  than  this  fraction,  since  there  were  loss  of  light  due  to  the  coupling.  The 
external  cavity  length  was  changed  from  ten  centimeters  to  one  and  half  meters. 

The  other  beam  divided  by  the  beam  splitter  was  fed  into  a  high-speed  photo-detector  (NEW  FOCUS 
1537M-LF:  bandwidth  of  6.5  GHz)  and  an  optical  spectrum  analyzer  (ADVANTEST  Q8344A,  maximum  resolution  of 
0.05  nm),  and  a  wavelength  meter  (ADVANTEST  QT8325,  maximum  resolution  of  0.001  nm).  The  photo-current  from 
the  detector  was  fed  into  a  fast  digital  oscilloscope  (HP  54845 A:  bandwidth  of  1.5  GHz)  and  a  RF  spectrum  analyzer 
(HP  8595E:  bandwidth  of  6.5  GHz)  to  analyze  chaotic  time  series  and  their  Fourier  components. 


Fig.  1  Experimental  setup.  SPLD:  self-pulsating  laser,  BS:  beam  splitter,  OI:  optical  isolator,  PD:  photo  -detector,  OSA: 
optical  spectrum  analyzer,  OPM:  optical  power  meter,  DO:  digital  oscilloscope,  RF:  radio  frequency  spectrum  analyzer. 

3.  Results  and  discussion 
3.1  L-I  characteristics  and  dynamics  of  laser  pulse 

In  this  section,  we  present  chaotic  dynamics  of  laser  outputs  for  the  change  of  the  bias  injection  current  in  self- 
pulsating  semiconductor  lasers  with  optical  feedback.  Fig.  2  shows  experimental  results  of  light-injection  current  (L-I) 
characteristics.  The  external  mirror  was  positioned  at  L=150  cm.  The  laser  threshold  of  the  solitary  oscillation  was  about 
70  mA.  Solid  and  long  dashed  lines  are  the  results  for  solitary  oscillation  and  optical  feedback  to  the  active  layer, 
respectively.  The  L-I  characteristics  both  for  solitary  oscillation  and  optical  feedback  to  the  active  layer  were  almost  the 
same.  On  the  other  hand,  the  output  power  is  slightly  larger  than  the  L-I  curve  of  the  solitary  oscillation  when  the  light 
is  fed  back  to  the  substrate.  The  region  is  a  GaAs  buffer  layer  in  which  carriers  are  generated  by  optical  feedback.  The 
laser  shows  stable  and  unstable  operations  depending  on  the  bias  injection  current.  The  dynamic  behaviors  are  divided 
into  four  regions  for  the  bias  injection  current.  In  the  injection  current  less  than  74.5  mA  but  above  the  laser  threshold 
(region  I),  the  laser  exhibited  unstable  oscillation.  The  region  is  clearly  distinguished  in  the  L-I  characteristic  curve.  It  is 
not  easy  to  recognize  but  there  is  a  kink  around  the  bias  injection  current  at  82.5  mA  and  the  dynamics  changed  at  the 
bias  injection  current.  Above  the  injection  current,  the  laser  shows  unstable  oscillations  (region  III).  The  light  output 
saturated  for  the  injection  current  above  87.0  mA  and  the  laser  recovers  its  stability  (region  IV).  We  will  see  the  details 
of  the  dynamics  in  the  following. 

Fig.  3  shows  typical  time  series  of  pulsating  oscillations  for  each  region  in  Fig.  2  and  the  corresponding  spectra 
are  plotted  in  Fig.  4.  In  a  lower  bias  injection  level  in  region  I,  the  laser  shows  unstable  oscillations  and  pulse  heights 
varied  irregularly  in  time.  For  the  solitary  oscillation  and  feedback  to  the  active  layer,  not  only  pulse  heights  but  also 
pulse  duration  fluctuated,  while  jitter  of  pulses  was  very  small  as  seen  from  the  spectrum  in  Fig.  4(a).  In  region  II,  the 
laser  shows  regular  pulsing  even  in  the  presence  of  optical  feedback  and  we  can  see  stabilized  power  spectra  in  Fig. 
4(b).  After  the  kink  at  the  injection  current  of  82.5  mA,  the  laser  shows  unstable  behaviors.  At  solitary  oscillation  in 
region  III  in  Fig.  3(c),  the  laser  behaved  period-3  like  oscillation  as  examined  from  the  spectrum  in  Fig.  4(c)  though  it  is 
not  clear.  On  the  other  hand,  the  laser  shows  period-2  oscillation  for  optical  feedback  to  the  active  layer  and  we  can  see 
two  spectral  components  in  the  spectrum  in  Fig.  4(c).  For  optical  feedback  to  the  substrate,  pulse  heights  of  the  laser 
oscillation  fluctuate  but  the  spectrum  of  the  oscillation  component  still  has  a  sharp  peak.  At  saturated  output  power  in 
region  IV,  the  laser  recovers  its  stability  and  shows  regular  pulsing  states  and  clear  spectral  peaks  are  visible  in  Fig. 


Proc.  of  SPIE  Vot.  5349  359 


4(d).  For  the  cases  of  the  solitary  oscillation  and  optical  feedback  to  the  active  layer,  peak  frequencies  of  the  power 
spectra  are  almost  coincident  with  each  other  except  in  region  III.  However,  the  frequency  of  the  laser  pulsations  for  the 
feedback  to  the  substrate  differs  from  those  of  the  other  cases.  This  is  related  to  a  frequency-locking  phenomenon 
discussed  in  later. 


Injection  Current  fniA] 

Fig.  2  L-I  characteristics  at  L=150  cm.  Solid  line:  solitary  oscillation,  long  dashed  line:  optical  feedback  to  active  layer, 
dashed  line:  optical  feedback  to  substrate. 


Time  fns]  Time  [ns] 


Fig.  3  Time  series  for  four  stable  and  unstable  regions  of  the  bias  injection  current.  A:  solitary  oscillation,  B:  optical 
feedback  to  active  layer,  C:  optical  feedback  to  substrate.  The  injection  currents  are  (a)  74.0  (region  I),  (b)  78.0  (region 
II),  (c)  83.0  (region  III),  and  (d)  88.0  niA  (region  IV). 
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Fig.  4  Power  spectra  corresponding  to  Fig.  3.  Solid  line:  solitary  oscillation,  long  dashed  line:  feedback  to  active  layer, 
dashed  line:  optical  feedback  to  substrate. 


3.2  Pulsing  frequency  and  chaotic  bifurcations 

Fig.  5  is  a  plot  of  frequency  of  self-pulsating  oscillations  for  the  bias  injection  current.  For  the  solitary 
oscillation  (solid  line),  the  oscillation  frequency  smoothly  increases  with  the  increase  of  the  bias  injection  current.  We 
can  see  kink  around  the  bias  injection  current  of  83  mA.  For  the  case  of  optical  feedback  to  the  active  layer  (long  dashed 
line),  the  frequency  suddenly  drops  down  to  almost  the  half  of  the  solitary  state  due  to  period-2  oscillation.  Except  for 
the  region  of  this  frequency  drop,  two  cases  showed  the  same  trend  of  the  change  of  frequency  for  the  increase  of  the 
bias  injection  current.  On  the  other  hand,  the  change  of  the  frequency  for  optical  feedback  to  the  substrate  is  completely 
different  from  two  other  cases.  We  can  see  frequency-locked  states  and  stepwise  frequency  jumps  for  optical  feedback 
to  the  substrate  (dashed  line).  The  jumps  of  the  frequency  occur  periodically  and  the  frequency  of  jumps  is  calculated  to 
be  100  MHz.  The  frequency  of  jumps  is  exactly  equal  to  a  frequency  calculated  from  the  external  cavity  length  of 
L=150  cm.  Fig.  6  shows  oscillation  wavelength  for  the  three  cases  with  and  without  optical  feedback.  As  a  general 
trend,  the  oscillation  wavelength  increases  with  the  increase  of  the  bias  injection  current  as  expected.  However,  jumps 
of  oscillation  wavelength  are  visible  corresponding  to  the  frequency  jumps  for  the  case  of  optical  feedback  to  the 
substrate.  At  higher  bias  injection  current,  we  can  see  saturation  of  wavelength  in  accordance  with  saturated  intensity. 

We  plot  chaotic  bifurcation  diagrams  of  peak  values  of  the  laser  output  power  for  the  change  of  the  bias 
injection  current  in  Fig.  7.  Figs.  7(a),  (b),  and  (c)  are  the  diagrams  for  the  solitary  oscillation,  optical  feedback  to  the 
active  layer,  and  optical  feedback  to  the  substrate,  respectively.  In  region  I,  peak  heights  of  the  laser  output  fluctuate  and 
the  laser  becomes  chaotic  oscillation.  On  the  other  hand,  regular  pulsing  states  are  observed  in  region  II.  In  region  III, 
chaotic  broadening  of  the  oscillations  are  visible  for  all  cases  without  and  with  optical  feedback.  However,  chaotic  states 
fully  develop  for  the  output  powers  at  solitary  laser  oscillation  in  Fig.  7(a)  and  for  optical  feedback  to  the  substrate  in 
Fig.  7(c).  Unstable  oscillation  in  region  III  is  also  visible,  but  the  state  is  very  close  to  period-2  oscillation  as  we  can  see 
in  Fig.  7(b).  At  saturated  region  IV  of  the  laser  output  power,  the  laser  again  oscillate  at  regular  pulsing  state.  In  Fig. 
7(c),  some  instabilities  can  be  seen  at  positions  of  frequency  jumps  in  Fig.  5. 
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Fig.  5  Pulsing  frequency  at  L=150  cm.  Solid  line:  solitary  oscillation,  long  dashed  line:  feedback  to  active  layer,  dashed 
line:  optical  feedback  to  substrate. 


Fig.  6  Oscillation  frequency  corresponding  to  Fig.  5. 


3.3  Frequency  locking  and  dynamics  for  optical  feedback  to  substrate 

When  the  laser  light  once  emitted  from  the  active  layer  returns  to  the  GaAs  buffer  layer  in  the  substrate,  we 
could  observed  frequency  locked  states  of  pulsations  in  the  laser  output  power.  We  further  investigated  the  dependence 
of  the  dynamics  on  the  external  cavity  length.  Fig.  8  is  the  result  of  pulsing  frequency  for  different  external  mirroi 
positions  from  L=  15  to  75  cm.  Solid  line  is  the  same  result  as  already  plotted  in  Fig.  5.  Long  dashed  line  is  the  result  for 
the  mirror  position  at  L=75  cm.  The  calculated  frequency  of  jumps  is  200  MHz  and  is  equal  to  the  frequency 
corresponding  to  the  external  cavity  length.  Dashed  line  is  the  result  for  the  position  at  L=50  cm  and  the  frequency  jump 
is  read  to  be  300  MHz.  Various  dynamic  features  are  observed  as  chaotic  bifurcations  for  the  change  of  the  external 
minor  position  as  shown  in  Fig.  9.  Chaotic  bifurcations  are  strongly  dependent  on  the  external  mirror  position  and  the 
regions  of  stable  and  unstable  oscillations  also  vary  for  the  minor  position  when  the  light  is  fed  back  into  the  GaAs 
buffer  layer  in  the  substrate.  The  origin  of  such  variety  of  the  dynamics  is  not  clear  at  present  and  extensive 
experimental  and  theoretical  studies  are  required  to  clarify  such  dynamic  characteristics. 
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Fig.  7  Bifurcation  diagrams  at  L=150  cm.  (a)  Solitary  oscillation,  (b)  optical  feedback  to  active  layer,  and  (c)  optical 
feedback  to  substrate. 


Fig.  8  Frequency  locking  and  injection  current  dependence  of  pulsing  frequency.  Solid  line:  L=  150  cm,  long  dashed 
line:  L=15  cm,  dashed  line:  L=50  cm. 


4.  Conclusion 

We  have  experimentally  examined  dynamic  characteristics  of  self-pulsating  semiconductor  lasers  with  optical  feedback 
from  a  distant  reflector.  Even  at  solitary  state,  the  laser  showed  stable  and  unstable  oscillations  depending  on  the  bias 
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injection  current.  Four  regions  of  unstable  and  stable  oscillations  have  been  identified.  We  have  observed  unstable 
chaotic  oscillations  for  lower  bias  injection  level  and  also  the  region  of  the  bias  injection  well  above  the  laser  threshold. 
The  dynamics  for  optical  feedback  to  the  active  layer  and  also  the  GaAs  buffer  layer  have  investigated.  Similar 
dependences  of  the  dynamics  on  the  bias  injection  current  have  been  observed  when  optical  feedback  existed.  But  the 
laser  showed  period-2  oscillation  in  region  III  for  optical  feedback  to  the  active  layer,  while  it  behaved  chaotic 
oscillations  at  solitary  mode.  On  the  other  hand,  the  laser  showed  rich  variety  of  dynamics  when  the  returned  light  was 
fed  back  into  the  GaAs  buffer  layer  in  the  substrate.  A  typical  feature  of  the  feedback  was  a  frequency-locking 
phenomenon  of  self-pulsation  frequency.  For  the  increase  of  the  bias  injection  current,  the  pulsation  frequency  was 
locked  for  a  certain  range  of  the  bias  injection  current  and  then  jumped  up  at  a  certain  current.  The  frequency  of  jumps 
was  equal  to  that  calculated  from  the  cavity  length  of  the  external  mirror.  The  origins  of  these  phenomena  are  not  fully 
clarified  and  further  studies  both  for  the  experimental  and  theoretical  research  are  required. 
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Fig.  9  Bifurcation  diagrams  for  different  external  cavity  lengths.  The  external  cavity  lengths  are  (a)  L=75,  (b)  50,  (c)  40, 
(d)  30,  and  (e)  15  cm. 
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ABSTRACT 

We  demonstrate  novel  electrically  driven  1330  and  1550  nm  VCSELs  using  conventional  InGaAsP  active  regions.  The 
VCSELs  employ  two  Ti02/Si02  DBR  mirrors  and  an  InAlAs  tunnel  junction  that  converts  electrons  to  holes, 
minimizing  free  carrier  losses  in  the  p-type  material.  The  active  layers  are  transferred  onto  Si  wafers  using  wafer-scale 
Pd  silicide  bonding.  We  have  obtained  single-mode  room-temperature  output  powers  as  high  as  2.4mW  at  1330nm  and 
2.7mW  at  1550nm.  At  80C  we  have  obtained  0.6mW  of  single-mode  power  at  1330nm  and  over  1  mW  at  1550nm. 
These  are  the  highest  power  single-mode  InP-based  VCSELs  reported  in  these  wavelength  ranges. 

Keywords:  Vertical  Cavity  Surface  Emitting  Lasers,  InP-based  material,  wafer  bonding 


1.  INTRODUCTION 

Long  wavelength  VCSELs  operating  near  1300  or  1550  nm  are  attractive  sources  for  fiber  optic  communication  since 
they  operate  at  low  operating  currents,  produce  beams  that  are  easily  coupled  into  fiber,  and  can  be  processed  and  tested 
using  wafer-scale  manufacturing.  Although  InP-based  material  is  the  conventional  platform  for  fabricating  edge- 
emitting  laser  diodes  at  these  wavelengths,  the  performance  of  VCSELs  has  been  hampered  by  the  lack  of  a  suitable 
monolithic  DBR  on  InP  substrates.  Typically,  InP-based  DBRs  based  on  InGaAsP/InP  or  AlInGaAs/AlInAs  have  a 
very  small  index  contrast,  -0.2.  This  means  that  large  numbers  of  DBR  pairs  are  required  to  achieve  high  reflectivity, 
and  the  stopbands  of  the  minors  are  very  narrow.  This  makes  the  manufacturing  of  long-wavelength  VCSELs 
particularly  challenging. 

Several  groups  have  demonstrated  alternative  mirror  structures.  The  calculated  reflectivity  for  a  number  of  these 
structures  is  shown  in  Fig.l.  AlGaAsSb  DBRs  can  be  grown  epitaxially  on  InP  but  so  far,  MBE  is  the  only  is  the  only 
material  growth  technology  that  has  produced  mirrors  using  this  compound.1  AlAs/GaAs  DBRs  have  very  attractive 
properties  in  terms  of  index  contrast  and  thermal  conductivity  but  these  are  not  lattice-matched  to  InP .  To  combine  an 
AlAs/GaAs  DBR  with  an  InGaAsP  active  region,  it  is  necessary  to  resort  to  wafer  bonding’  or  metamorphic  growth. 
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Fig.l  Mirror  options  for  long  wavelength  VCSELs 


The  latter  can  only  be  used  for  the  second  mirror  growth.  VCSELs  with  monolithically  grown  InP/air  mirrors  were 
recently  reported. 4  These  require  sophisticated  processing  and  a  regrowth  step  to  maintain  structural  integrity.  Finally,  a 
VCSEL  structure  with  an  A10x/Si  metal  bonded  DBR  on  Si  was  reported5  but  lasing  was  not  reported.  In  this  paper,  we 
report  on  the  design  and  performance  of  electrically  driven  1330  and  1550nm  VCSELs  using  a  Ti02/Si02  upper  mirror 
and  a  Ti02/Si02/Au  lower  mirror  bonded  on  a  silicon  substrate. 


2.  VCSEL  FABRICATION 


The  InGaAsP  active  layer  is  grown  on  InP  by  MOCVD.  It  consists  of  either  five  or  seven  80A  quantum  wells  (0.5% 
compression)  separated  by  60A  InGaAsP  barriers  (0.8%  tension).  These  are  surrounded  by  200A  of  lattice-matched 
InGaAsP  with  a  bandgap  —1.15  um.  A  tunnel  junction  to  convert  electrons  to  holes  is  grown  after  the  active  layer.  It 
consists  of  an  AlInAs  p+  carbon-doped  layer  and  an  InP  n+  selenium-doped  layer.  The  tunnel  junction  is  used  so  that 
free  carrier  loss  from  p-type  material  is  minimized,  and  so  that  higher-mobility  n-type  material  can  be  incorporated  to 
spread  the  current.  There  is  no  bandedge  absorption  in  either  material  at  the  VCSEL  emission  wavelength.  The  tunnel 
junction  is  placed  at  a  first  null  (from  the  quantum  wells)  in  the  cavity  standing  wave.  This  minimizes  the  free-carrier 
loss  in  the  heavily  doped  tunnel  junction  layers.  Relatively  thick  InP  layers  are  grown  below  the  active  layer  and  above 
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the  tunnel  junction  to  promote  current  spreading  and  heat  flow.  Overall,  the  semiconductor  layers  form  an  8  A,  thick 
optical  cavity. 

Initially,  an  optically  pumped  VCSEL  structure  was  used  to  optimize  the  optical  cavity.  A  980nm  diode  pump  laser  was 
used  for  excitation.  Fig.  2a  shows  the  reduction  in  the  thermal  impedance  and  the  increase  in  the  optical  output  power  as 
the  InP  layer  thickness  is  increased.  As  the  thickness  of  the  semiconductor  portion  of  the  cavity  increased  fiom  2A.  to  8A, 
the  thermal  resistance  was  reduced  by  a  factor  of  five.  As  a  result  the  output  power  of  the  lasers  increased  by  an  oidei 
of  magnitude.  With  further  increases  in  cavity  length,  the  lasers  operated  in  multiple  longitudinal  modes.  Based  on 
these  results  an  8A,  thick  optical  cavity  was  chosen  for  our  device  structure.  It  is  also  critical  to  optimize  the  quality  of 
the  mirror  stacks,  minimizing  both  scattering  and  absorption.  Fig.  2b  shows  the  improvement  in  output  power  as  the 
minor  quality  is  improved.  All  of  these  structures  have  8a  cavities  and  mirror  stacks  with  the  same  calculated 
reflectivity.  A  multi-bounce  reflectivity  measurement  showed  that  the  initial  mirrors  had  actual  R-values  ~\%  below 
the  ideal  calculated  value.  Improvements  in  the  materials  and  the  deposition  process  resulted  in  measured  reflectivity 
equal  to  the  calculated  valued  and  a  doubling  of  the  maximum  output  power. 
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Fig.  2a  Thermal  effects  of  cavity  thickness 


Fig.  2b  Effect  of  reflectivity  on  output  power 


This  optimized  optical  cavity  was  then  incorporated  into  an  electrically  injected  device  structure.  The  process  sequence 
used  to  fabricate  the  VCSELs  is  shown  in  Fig.  3.  We  first  deposit  a  dielectric  mirror  onto  the  epitaxial  layers  consisting 
of  8  Vi  pairs  of  1/4  A,  thick  Ti02/Si02  using  ion-beam  assisted  sputtering.  This  is  followed  a  gold  layer  that  enhances 
the  overall  reflectivity. 5  We  calculate  the  reflectivity  of  this  hybrid  mirror  to  be  greater  than  99.99%.  Next,  Pt  and  Pd 
are  deposited  on  top  of  the  hybrid  minor.  The  Pd  layer  is  used  to  form  a  metallic  bond  with  a  silicon  wafer  and  the  Pt 
prevents  interdiffusion  between  the  Pd  and  the  Au  portion  of  the  mirror.  The  metallic  bond  to  Si  (to  form  palladium 
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silicide)  is  accomplished  at  300C  on  full  2-inch  wafers  using  a  commercial  wafer  scale  bonder  in  a  process  similar  to 
that  described  by  Tan,  et  al. 6  The  original  InP  substrate  is  then  removed  using  HC1  leaving  the  silicon  as  the  host 
substrate,  Fig.  3b. 

Next  a  mesa  is  formed  and  the  AlInAs  side  of  the  tunnel  junction  is  undercut  using  a  sulfuric  acid  based  etch  to  create  a 
current  aperture,  Fig.  3c.  Finally,  electrical  contacts  are  made  to  the  upper  and  lower  n-InP  layers  and  the  output  mirror 
consisting  of  6,  7,  or  8  pairs  of  Si02/Ti02  is  deposited.  The  completed  device  structure  is  shown  in  Fig.  3d. 
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Fig.  3  Fabrication  Process 


3.  DC  PERFORMANCE  OVER  TEMPERATURE 


The  L-I-V  characteristics  of  the  VCSELs  depend  on  the  number  of  dielectric  pairs  used  in  the  output  mirror.  Typically, 
the  VCSELs  can  operate  with  output  mirrors  consisting  of  6,  7,  or  8  pairs,  corresponding  to  reflectance  values  of  99.4, 
99.7  and  99.9%  respectively.  Lower  threshold  current  densities  and  higher  operating  temperatures  are  observed  as  the 
number  of  mirror  pairs  is  increased.  The  differential  quantum  efficiency  and  overall  output  power  are  maximized  with 
either  6  or  7  pairs. 

The  room-temperature  L-I-V  characteristics  of  single-mode  VCSELs  operating  at  1330nm  and  1550nm  are  shown  in 
Figs.  4a, b  for  devices  with  7  pairs  in  the  output  mirror.  The  1330nm  device  has  a  threshold  current  of  0.69mA,  a 
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differential  quantum  efficiency  of  32.0%,  and  a  maximum  output  power  of  2.4mW.  With  6  mirror  pairs  the  threshold 
increases  to  1.6mA  and  the  differential  quantum  efficiency  increases  to  36.0%  but  there  is  no  increase  in  maximum 
output  power  because  thermal  rollover  occurs  at  a  lower  current.  The  1550nm  laser  has  a  threshold  current  of  1.6mA,  a 
differential  quantum  efficiency  of  42.4%,  and  emits  as  much  as  2.7mW.  With  six  mirror  pairs,  the  threshold  increases  to 
3.3mA  and  the  differential  quantum  efficiency  increases  to  56.5%  but  once  again,  there  is  no  appreciable  increase  in  the 
maximum  output  power.  Lasers  at  both  wavelengths  remain  single-mode  with  a  side-mode  suppression  ratio  of  at  least 
30dB  over  the  entire  current  range. 


Current  (mA) 


Fig.  4a  Room  temperature  LIV  at  1320nm 


Fig.  4b  Room  temperature  LIV  at  1550nm 
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The  voltage  drop  at  the  maximum  output  power  is  -3V  for  each  of  the  lasers.  This  voltage  results  from  a  combination  of 
the  tunnel  junction,  the  active  junction,  the  contact  resistance  and  the  lateral  spreading  resistance.  A  more  recent  design 
has  an  improved  contact  geometry  and  the  voltage  drop  is  reduced  to  -1.8  V  at  the  maximum  output  power.  The  current 
aperture  is  approximately  7|iim  x  7 jam  in  single-mode  devices.  The  thermal  impedance  of  the  electrically  injected  single¬ 
mode  devices  averages  -1550  CAV  for  both  1300nm  and  1550nm  devices.  The  thermal  impedance  does  decrease  with 
increasing  aperture  size  but  the  devices  become  multimode.  A  large  multimode  device  with  a  16pm  x  16pm  aperture 
has  a  thermal  impedance  of  -860  CAV. 


These  output  powers  and  slope  efficiencies  are  the  highest  yet  reported  for  single-mode  InP-based  VCSELs  in  these 
wavelength  ranges.  We  attribute  the  improved  characteristics  to  the  long-cavity  design  of  the  epitaxial  layers  that 
results  in  low  thermal  impedance,  and  to  the  low-loss  dielectric  DBRs  used  for  both  mirrors. 
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The  maximum  single-mode  output  power  as  a  function  of  stage  temperature  is  shown  in  Fig.  5.  The  1300nm  device 
emits  as  much  as  2.6mW  at  IOC,  diminishing  to  0.6mW  at  80C.  Based  on  measurements  of  broad-area  edge  emitting 
lasers  with  similar  active  regions,  we  believe  the  performance  at  elevated  temperatures  of  these  devices  results  from 
insufficient  carrier  confinement.  The  1550nm  VCSELs  perform  better  over  temperature,  emitting  2.95mW  at  IOC  and 
over  lmW  at  80C. 


Stage  Temperature°C) 

Fig.  5  Maximum  output  power  as  the  stage  temperature  is  varied 


Figure  6a  shows  a  typical  output  spectrum  from  a  VC S EL  operating  at  1550nm.  Laser  emission  from  higher-order 
transverse  modes  can  be  seen  in  the  series  of  spectral  lines  at  shorter  wavelengths  than  the  fundamental  peak.  For 
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Fig.  6a  Typical  spectra  of  single-mode  VCSEL 
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Fig.  6b  High-  resolution  spectra  of  single-mode  VCSEL 
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devices  with  aperture  diameters  less  than  ~6-7  um,  such  as  those  reported  here,  these  higher  order  peaks  remain  at  least 
30dB  down  from  the  fundamental  line.  The  Fig.  6b  shows  a  high-resolution  scan  of  the  fundamental  mode.  This 
measurement  was  taken  with  a  high-resolution  spectrometer  that  uses  a  heterodyne  detection  technique.  The  FWHM  of 
the  VCSEL  is  measured  to  be  12MHz.  This  linewidth  is  comparable  to  previous  linewidth  measurements  taken  on 
long-wavelength  VCSELs  with  significantly  lower  output  power. 7 

4,  MODULATION  CHARACTERISTICS 

The  results  presented  so  far  were  obtained  using  a  device  designed  for  DC  operation.  A  large  parasitic  capacitance 
limits  the  frequency  response  of  these  lasers.  We  recently  processed  devices  using  a  high-speed  design  more  suitable 
for  modulation. 


I(mA)  I<mA) 

Fig.  7  a)  L-I  and  b)  I-V  curves  from  array  of  12  single-mode  devices 


The  DC  characteristics  of  12  devices  using  the  high-speed  design  are  shown  in  Fig.7  above.  The  output  mirror  has 
seven  mirror  pairs.  The  average  threshold  current  is  1 ,6mA,  the  average  maximum  room  temperature  output  power  is 
1.2mW,  and  the  differential  quantum  efficiency  is  18%.  These  devices  lase  at  1305nm.  The  optical  power  emitted  from 
these  devices  is  less  than  that  of  the  DC  devices  due  to  higher  optical  losses  resulting  from  some  processing  issues. 
Their  thermal  impedance  is  15 10  C/W,  comparable  to  our  previous  process  so  the  performance  is  not  compromised  by 
thermal  issues.  The  voltage  drop  at  the  peak  output  power  is  -1 .8 V,  a  notable  improvement  over  the  previous  design 
resulting  from  improved  contact  geometry. 

Given  that  our  devices  have  a  long  cavity  and  consequently  a  relatively  large  mode  volume,  modulation  speed  is  a 
concern.  The  small-signal  frequency  response  of  the  1300nm  devices  was  measured  to  determine  the  relaxation 
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oscillation  frequency.  The  relaxation  oscillation  frequency  is  expected  to  be  proportional  to  the  square  root  of  the  drive 
current.  This  plot  is  shown  in  Fig.  8  for  two  devices.  The  behavior  is  linear  for  lower  currents  but  is  limited  by  thermal 
rollover  at  higher  currents.  For  comparison  to  the  high-speed  design,  we  measured  a  12pm  x  12pm,  multi-mode  device 
fabricated  using  the  DC  design.  The  large  area,  DC  device  has  a  maximum  relaxation  oscillation  frequency  of  3.1  GHz 
and  the  high-speed,  single-mode  device  has  a  maximum  at  3.3GHz.  However,  it  is  possible  to  drive  the  large  device  to 
~15x  threshold  before  rollover  while  the  smaller  device  is  limited  to  ~7x  threshold.  A  single-mode  device  in  the  DC 
design  also  did  not  rollover  until  ~15x  threshold.  When  the  processing  of  the  high-speed  structure  is  optimized  and  the 
devices  can  be  run  over  a  comparable  current  range,  it  should  be  possible  to  push  the  maximum  fR  beyond  4  GHz. 
Significantly  higher  frequency  performance  will  require  further  improvements  to  the  device  structure. 


Fig.  8  Relaxation  oscillation  frequency  as  a  function  of  the  square  of  the 
current  above  threshold  for  both  multi-mode  and  single-mode 


VCSELs 


The  large-signal  modulation  characteristics  of  the  single-mode,  high-speed  device  structure  were  also  measured.  The 
eye  diagrams  are  shown  in  Fig.  9.  The  pattern  degrades  with  increasing  data  rate  but  the  eyes  remain  open  up  to 
7Gbit/sec  with  an  extinction  ratio  of  6dB. 
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Fig.  9  Eye  diagrams  at  a)  2.5  Gbit/sec.  b)  5  Gbit/sec.  and  c)  7  Gbit/sec. 

5.  CONCLUSIONS 

Long  wavelength  VCSELS  at  both  1300nm  and  1550nm  with  high  output  powers  have  been  fabricated  in  the  traditional 
InGaAsP/InP  material  system  using  a  process  where  the  epitaxial  layers  are  transferred  to  a  Si  substrate  by  means  of 
palladium  silicide  bonding.  Using  a  long  laser  cavity  to  facilitate  heat  transfer  away  from  the  active  region  and  low  loss 
dielectric  mirrors,  record  dc  output  powers  have  been  attained.  Even  with  the  large  optical  mode  volume  associated  with 
the  long  cavity,  modulation  up  to  7Gbit/sec  can  be  achieved.  Further  optimization  of  the  process  and  improvements  in 
the  thermal  performance  will  lead  to  better  performance  at  higher  data  rates. 
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ABSTRACT 

This  paper  discusses  the  design  and  the  internal  device  physics  of  novel  high-performance  vertical-cavity  surface- 
emitting  lasers  (VCSELs)  emitting  at  1.32  jam  wavelength.  Our  VCSEL  design  features  intra-cavity  ring  contacts, 
strain-compensated  AlGalnAs  quantum  wells,  and  an  AlInAs/InP  tunnel  junction.  The  tunnel  junction  is  laterally 
confined  forming  an  aperture  for  current  injection  and  wave  guiding.  Undoped  AlGaAs/GaAs  mirrors  are  bonded  on 
both  sides  to  the  InP-based  active  region.  These  devices  have  recently  demonstrated  continuous-wave  (CW)  lasing  at 
stage  temperatures  up  to  134°C,  the  highest  temperature  reported  thus  far  for  any  long-wavelength  VCSEL.  In  order  to 
increase  the  single  mode  output  power  at  high  temperatures,  we  simulate,  analyze,  and  optimize  our  VCSEL  using 
advanced  numerical  software  tools.  The  two-dimensional  model  self-consistently  combines  electrical,  optical,  thermal 
and  gain  calculations.  It  gives  good  agreement  with  measurements  after  careful  calibration  of  material  parameters. 
Design  optimization  promises  single  mode  output  power  of  2mW  in  CW  operation  at  80°C  ambient  temperature. 

Keywords:  long-wavelength  vertical-cavity  surface-emitting  laser  diode,  VCSEL,  tunnel  junction,  wafer  bonding, 
numerical  simulation 


1.  INTRODUCTION 

Long-wavelength  vertical-cavity  surface-emitting  lasers  (VCSELs)  are  desired  low-cost  light  sources  for  applications  in 
fiberoptic  communication.  In  contrast  to  the  rapid  development  of  Ga As-based  VCSELs  emitting  at  shorter 
wavelengths,  the  performance  of  InP-based  long-wavelength  devices  is  severely  limited  by  disadvantageous  material 
properties.  With  the  lower  bandgap  of  the  InGaAsP  active  region,  Auger  recombination  enhances  non-radiative  losses. 
With  lower  photon  energy,  free-carrier  and  intervalence  band  absorption  (IVBA)  lead  to  enhanced  optical  losses.  Native 
InGaAsP/InP  distributed  Bragg  reflectors  (DBRs)  only  allow  for  a  small  variation  of  the  refractive  index  that  is  about 
half  the  variation  possible  in  AlGaAs.  To  obtain  high  DBR  reflectances,  a  large  number  of  mirror  layers  has  to  be 
grown  causing  significant  diffraction  losses.  InGaAsP  also  exhibits  low  thermal  conductivity  due  to  disorder  scattering 
of  phonons.  Thus,  thick  InGaAsP/InP  DBRs  block  the  thermal  flux  to  the  stage  and  lead  to  a  strong  increase  of  the 
active  region  temperature  in  continuous-wave  (CW)  operation.  Therefore,  several  alternative  material  and  design 
concepts  for  1.3  pm  VCSELs  have  been  developed,  including  GaAs-based  and  hybrid  approaches. 

A  main  challenge  with  long-wavelength  VCSELs  is  the  simultaneous  demonstration  of  high-temperature,  high-speed, 
and  high-power  fundamental  mode  lasing.  In  order  to  achieve  this  goal,  several  design  trade-offs  need  to  be  balanced 
carefully.  For  instance,  large  current  apertures  and  thick  InP  cavity  layers  are  advantageous  for  high-power  and  high- 
temperature  operation,  respectively.  However,  single  mode  lasing  requires  small  apertures  and  high-speed  modulation 
requires  thin  vertical  cavities.  Finding  the  optimum  design  by  experimental  methods  is  expensive  and  time-consuming. 
We  here  employ  physics-based  self-consistent  VCSEL  simulation  software  in  order  to  analyze  and  optimize  the  internal 
device  physics.1  Carrier  transport  is  simulated  using  a  finite-element  drift -diffusion  model.  The  heat  flux  equation  is 
included  to  address  self-heating  effects.  Gain  calculations  are  based  on  4x4  kp  bandstructure  computations  for  the 
strained  quantum  wells.  The  transmission  matrix  method  is  employed  for  optical  simulation  in  order  to  obtain  the 
vertical  optical  intensity  profile.  The  lateral  optical  modes  are  given  by  Bessel  functions  which  are  adjusted  to  measured 
VCSEL  near  fields.  Further  details  of  the  model  can  be  found  elsewhere. “  Material  parameters  are  carefully  calibrated 
in  the  simulation  in  order  to  achieve  good  agreement  with  the  measurements. 
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2.  VCSEL  DESIGN 


Our  device  design  follows  the  hybrid  approach  by  joining  highly  reflective  GaAs-based  mirrors  and  high-gain  InP- 
based  active  layers  in  InP/GaAs  wafer  bonded  VCSELs  (Fig.  1,  Tab.  1).  Compared  to  our  previous  design  of  wafer- 
bonded  1.55  pm  VCSELs  \  this  design  of  1.3  pm  VCSELs  includes  three  main  new  features: 

(1)  Strained  AlGalnAs  quantum  wells  (QWs)  offering  a  larger  conduction  band  offset  than  InGaAsP  QWs  which  is 
essential  to  reduce  electron  leakage  at  high  temperatures. 

(2)  Intra-cavity  contacts  feed  the  current  directly  into  highly  conductive  n-InP  layers,  without  passing  wafer-bonded 
interfaces,  thereby  reducing  reliability  risks. 

(3)  A  buried  tunnel  junction  is  located  above  the  MQW  region  (Fig.  2).  This  junction  has  multiple  advantages  in  our 
VCSEL,  it  reduces  the  intervalence-band  absorption  related  to  p-doping,  it  allows  for  lower  threshold  bias  due  to 
higher  earlier  mobility  in  n-InP,  and  it  provides  lateral  electrical  and  optical  confinement  by  selective  etching. 
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Fig.  1:  Schematic  structure  of  our  vertical  cavity  laser.  Fig.  2:  Energy  band  diagram  of  the  InP-based  active 

region. 

We  have  studied  different  design  approaches  for  the  lateral  confinement.  Our  first  device  generation  combined  a  tunnel 
junction  with  the  commonly  used  lateral  oxidation  layer  within  the  top  DBR.4  However,  the  performance  was  mainly 
limited  by  lateral  current  leakage  due  to  the  high  earner  (electron)  mobility  between  aperture  and  tunnel  junction.  We 
therefore  explored  the  lateral  under  etching  of  the  MQW  active  region  which  promises  better  current  confinement.'  The 
performance  of  this  second  device  generation  was  poor  due  to  misalignment  of  etched  aperture  and  top  DBR  pillar.  The 
third  alternative  investigated  was  patterned  wafer  bonding  onto  disk-shaped  etched  tunnel  junctions.6  This  approach 
allows  for  precise  control  of  the  aperture  size  which  is  not  possible  with  lateral  oxidation  or  etching.  In  order  to 
accommodate  intra-cavity  contacts,  our  final  design  covers  the  etched  tunnel  junction  by  a  re-grown  n-InP  contact  layer 
before  wafer  bonding  (Fig.  I).7  The  etched  tunnel  junction  introduces  a  step  of  about  30  nm  in  the  top  surface  of  the  re¬ 
grown  contact  layer.  This  surface  is  sufficiently  planar  to  permit  wafer  bonding  of  the  top  AlGaAs/GaAs  mirror. 


3.  EXPERIMENTAL  RESULTS 

We  here  discuss  experimental  results  for  three  VCSELs  with  different  tunnel  junction  aperture  size  and  different  gain¬ 
mode  offset.8'9  This  offset  is  illustrated  in  Fig.  3  and  it  is  a  cntcial  VCSEL  design  parameter  in  order  to  achieve  high- 
temperature  operation.  With  increasing  temperature,  the  gain  spectrum  moves  to  longer  wavelength  at  a  faster  rate  than 


376  Proc.  of  SPIE  Vol.  5349 


the  wavelength  of  the  lasing  mode.  With  negative  gain-mode  offset,  as  shown  in  Fig.  3,  the  modal  gain  increases  with 
higher  temperature.  Larger  gain  -  mode  offset  allows  for  lasing  at  higher  temperatures.  However,  larger  offset  also 
reduces  the  available  gain  at  room  temperature  and  the  maximum  output  power.  Thus,  careful  tuning  of  the  gain  -  mode 
offset  is  required  for  optimum  performance  (see  Sec.  5). 

soon 
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Fig.  3  Calculated  gain  spectra  at  different  MQW  temperatures  (constant  carrier  density).  The  dashed  vertical  lines  give  the  VCSEL 
emission  wavelength  at  20°C  and  80°C,  respectively,  and  the  dots  indicate  the  actual  gain  of  the  lasing  mode. 
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Fig.  4:  Measured  light-current  characteristics  in  continuous- 
wave  (CW)  operation  at  different  stage  temperatures  (8  pm 
aperture,  66  nm  offset). 


Fig.  5:  CW  light-current  and  current- voltage  characteristics 
measured  at  room  temperature  (12  pm  aperture,  51  nm 
offset). 


All  devices  in  this  section  employ  5  quantum  wells,  25  top  DBR  periods  and  31  bottom  DBR  periods.  The  exact 
position  of  the  gain  peak  wavelength  is  unknown,  however,  it  is  close  to  the  peak  of  the  measured  photoluminescence 
(PL)  spectrum,  which  is  used  in  the  following  to  determine  an  offset  parameter.  Figure  4  gives  light-current  (LI) 
characteristics  for  66  nm  PL  -  mode  offset  and  8  micron  aperture.  This  large  offset  results  in  lasing  up  to  a  maximum 
stage  temperature  of  134°C,  the  highest  temperature  ever  achieved  with  any  long-wavelength  VCSEL.  For  this  device, 
the  maximum  output  power  at  room  temperature  is  slightly  above  l  mW. 
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Figure  5  gives  the  LI  and  current-voltage  curve  for  a  VCSEL  with  12  micron  aperture  and  with  51  nm  PL  -  mode  offset. 
Due  to  the  larger  spot  size  and  the  smaller  offset,  an  enhanced  differential  efficiency  of  30%  and  a  larger  output  power 
of  almost  2mW  is  achieved  at  room  temperature.  The  threshold  voltage  of  2.7  V  and  the  differential  resistance  of  245 
Q  are  relatively  high.  The  maximum  CW  operating  temperature  of  this  device  is  100°C.  The  larger  aperture  leads  to 
multimode  operation  at  higher  temperatures.  66°C  fundamental  mode  operation  with  almost  1  mW  output  power  is 
observed  with  our  third  VCSEL  that  combines  an  8  micron  aperture  with  51  nm  PL  -  mode  offset  (Fig.  6).  This  device 
operates  up  to  123°C  stage  temperature. 


Fig.  6a:  CW  light-current  and  current-voltage  characteristics 
measured  at  66°C  (8  pm  aperture,  5 1  nm  offset). 


Fig.  6b:  Modal  spectrum  at  66°C  (8  pm  aperture,  5 1  nm 
offset). 


4.  SIMULATION  AND  ANALYSIS 

In  this  section,  we  use  advanced  numerical  simulation  software1  in  order  to  analyze  the  internal  physics  and  the 
performance  limits  of  our  VCSELs.  The  device  model  combines  electrical,  optical,  thermal,  and  gain  calculations  self- 
consistently.2  Such  complex  models  include  a  large  number  of  material  parameters  which  need  to  be  calibrated  carefully 
for  realistic  simulation  results.  Table  1  lists  key  parameters  for  all  the  epitaxial  layers  of  our  VCSEL.  The  parameter 
calibration  process  is  described  in  the  following  and  it  leads  to  good  agreement  between  simulations  and  measurements 
as  shown  in  Figs.  7  and  8.  All  measurements  are  for  the  same  VCSEL  with  8  pm  aperture.  Nearfield  measurements 
show  a  weak  optical  confinement  with  a  fundamental  mode  diameter  of  about  13  pm  which  is  adopted  in  the  following. 

The  peak  of  the  calculated  spontaneous  emission  spectrum  coincides  with  the  measured  PL  peak  (Fig.  7)  when  quantum 
well  bandgap  renormalization  is  considered  with 


A  E,  =  f 


n  +  p 
v" 


,  1/3 


(1) 


and  q  =  -  Id10  eV/m  (n  and  p  are  respectively  the  densities  of  electrons  and  holes).  Using  a  Lorentz  broadening 
function  with  50  fs  scattering  time  gives  good  agreement  with  the  important  long-wavelength  side  of  the  spectrum  (cf. 
Fig.  3).  The  short- wavelength  side  is  not  matched  very  well,  i.e.,  LI  simulation  beyond  the  power  roll-off  is  less  reliable 
(cf.  Fig.  8).  The  measured  PL  peak  shifts  at  a  rate  of  0.45  nm/K  with  increasing  temperature.  This  translates  into  a 
thermal  bandgap  shift  of  0.334  meV/K,  which  is  adopted  for  all  layers  in  the  simulation. 
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Parameter 

d 

N 

n 

a 

K 

Unit 

isa 

cnv 

cm2/  Vs 

cm'1 

W/cmK 

i-Alo.92Gao.08As  (DBR,  27x) 

0.111 

nid 

- 

2.946 

0.0 

0.22 

i-GaAs  (DBR,  27x) 

0.096 

nid 

- 

3.411 

0.0 

0.22 

n-InP  (spacer,  contact) 

0.388 

5  1017 

2600 

3.22 

1.0 

0.68 

n-InP  (tunnel  junction) 

0.020 

ffff 

1100 

3.22 

30 

0.68 

p-Ino.52Alo.4sAs  (tun.  junct.) 

0.010 

10 

3.24 

1950 

0.05 

p-InP  (spacer) 

0.4325 

2  1017 

100 

3.22 

2.6 

0.68 

i-Ino.52Alo.48As  (stopper) 

0.0382 

nid 

p:50 

3.24 

0.0 

0.05  ! 

Ino.68Gao.175Alo.u5As  (QW) 

0.0044 

nid 

50 

3.49 

«(n,p) 

0.05  ; 

Ino.44Gaoj26Alo.234As  (bar.) 

0.0084 

nid 

50 

3.49 

a(n,p) 

0.05 

i-Ino.52Alo.48As  (stopper) 

0.0382 

nid 

n:4800 

3.24 

0.0 

0.05 

n-InP  (spacer,  contact) 

0.4325 

iflf 

2100 

3.22 

2.4 

0.68 

i-GaAs  (DBR,  3 lx) 

0.096 

nid 

- 

3.411 

0.0 

0.22 

i- Alo,92Gao  os  As  (DBR,  3  lx) 

0.111 

nid 

- 

2.946 

0.0 

0.22 

i-GaAs  (substrate) 

300 

nid 

- 

3.411 

0.0 

0.44 

Tab.  1:  Epitaxial  layer  structure  with  key  parameters  at  room  temperature  (d-  thickness,  N  -  doping,  p  -  majority  carrier  mobility,  a  - 
absorption,  k  -  thermal  conductivity,  nid  -  not  intentionally  doped,  a(n,p)  -  see  Eq.  2). 


Wavelength  [pm] 


Fig.  7:  Comparison  of  measured  and  simulated  PL  spectrum  Fig.  8:  Comparison  of  measured  and  simulated  IV  and  LI 

at  room  temperature.  characteristics  at  elevated  temperature. 

It  is  essential  for  the  optical  simulation  of  the  laser  diode  to  use  accurate  refractive  index  values  for  each  material.  The 
popular  Sellmeier  formulas  for  the  refractive  index  10  are  often  inaccurate  for  photon  energies  near  the  band  gap. 
Instead,  we  employ  the  Adachi  model  which  was  developed  for  energies  close  to  the  bandgap  (Tab.  l).u  The  thermal 
change  of  the  refractive  index  is  assumed  2  x  I(rVK  for  InP-based  layers  and  3  x  10‘4/K  for  Ga As-based  layers,12  which 
results  in  good  agreement  with  the  measured  shift  of  the  emission  wavelength.  Internal  optical  loss  in  1.3  pm  lasers  is 
affected  by  free  carriers  (n,p)  as  well  as  by  photon  scattering  (a*)  according  to 
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Bias  [V] 


(2) 


a(n,p)  =  a,  +  kn  n  +  kp  p. 

It  is  expected  to  be  mainly  dominated  by  intervalenceband  absorption  (kp  =  13  x  10  "  nr)  13  and  less  by  free  electrons 
(kn  =  2  x  10 22  m2).  The  scattering  loss  parameter  is  fitted  to  ots  =  3  /cm  using  the  measured  LI  characteristic. 

The  drift-diffusion  model  of  carrier  transport  considers  Fermi  statistics  and  thermionic  emission  at  hetero-barriers. 
Thermionic  emission  is  mainly  controlled  by  the  offset  of  conduction  band  (AEC)  and  valence  band  (AEV).  Foi  the 
AlGalnAs  material  system,  a  band  offset  ratio  of  AEc/AEg  =  0.72  is  commonly  assumed.  At  the  type-II  interface  of 
Alin  As  and  InP.  we  assume  AEC=292  meV  and  AEV  =  147  meV  (cf.  Fig.  2).  The  Auger  recombination  rate  is  given  by 
(C„n+Cpp)(np-nj2)  with  the  intrinsic  carrier  density  ns.  Both  the  Auger  coefficients  are  represented  by  a  temperature 
dependent  function 


C(7’)  =  C0(7’0)xexp 


t 

H 

i 

-1 

1 - 

rfo  Tj  J 

(3) 


with  the  Boltzmann  constant  k.  The  LI  fit  results  in  Co=  1 .15  x  10  ~9cm6s  1  at  To  -  298  K  and  EA  —  160  meV.  This  value 
of  C0  is  in  the  middle  of  the  range  reported  in  the  literature.2  EA  is  slightly  larger  than  in  previous  investigations  of  1.3 
pm  InGaAsP/InP  lasers.14  The  other  quantum  well  recombination  mechanisms  are  less  important.  The  spontaneous 
recombination  rate  is  obtained  from  the  integration  of  the  emission  spectrum.  The  defect  recombination  lifetime  is 
assumed  as  10  ns  within  the  quantum  well  and  100  ns  elsewhere.  The  carrier  mobility  is  a  sophisticated  function  of 
composition,  doping,  local  electric  field,  and  temperature.  Analytical  functions  are  derived  for  binary  materials.'  Thus, 
some  uncertainty  remains  with  the  mobilities  in  Tab.  L  especially  for  ternary  and  quaternary  semiconductors.  We  here 
only  adjust  the  hole  mobility  of  the  p-InP  spacer  layer  which  is  considered  the  bottleneck  for  the  carrier  transport  in  our 
device.  A  value  of  70  cnr/Vs  gives  good  agreement  with  the  IV  characteristic  measured  at  80°C  (Fig.  8). 

This  adjustment  is  especially  important  for  CW  simulations  because  the  mobility  also  affects  the  Joule  heat  generated 
inside  the  device.  Good  agreement  with  the  measured  IV  curve  is  a  prerequisite  to  correctly  simulate  the  geneiated  heat 
power  which  affects  the  measured  LI  curve  and  causes  the  typical  power  roll-off  at  higher  current  (Fig.  8).  The  last 
remaining  fit  parameter  is  the  thermal  conductivity  of  the  DBR.  This  number  is  affected  by  phonon  scattering  at  the 
DBR  interfaces  and  it  cannot  be  deduced  from  bulk  thermal  conductivity  data.  15  A  value  of  kDBr=  22  W/mK  gives  the 
best  agreement  with  the  measured  power  roll-off.  For  comparison,  the  simulated  LI  curve  with  kDBr  =  45  W/mK  is  also 
shown  in  Fig.  8. 


Fig.  9:  Lateral  profile  of  hole  injection  current  density  and 
hole  density  within  the  top  quantum  well  (I  =  5  mA). 


Fig.  10:  2D  Surface  plot  of  the  optical  gain  within  the  MQW 
region  (1  =  5  mA). 
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Based  on  this  good  agreement  with  measurements,  we  can  now  use  the  simulation  to  quantitatively  analyze  performance 
limitations  of  our  VCSEL.  First,  we  investigate  the  lateral  quantum  well  carrier  confinement  as  imposed  by  the  tunnel 
junction  aperture  of  8  pm  diameter.  Figure  9  confirms  relatively  weak  lateral  current  spreading  in  the  p-InP  layer 
leading  to  a  good  lateral  carrier  confinement  within  the  quantum  wells.  The  lateral  gain  profile  is  shown  in  Fig.  10  as 
surface  plot  for  all  five  quantum  wells.  According  to  the  carrier  density  minimum  in  the  center  of  the  device,  the  gain 
profile  also  exhibits  a  minimum  in  the  center.  Maximum  gain  occurs  near  the  aperture  where  it  potentially  supports 
higher  order  transversal  modes.  Thus,  the  uniformity  of  the  current  injection  through  the  tunnel  junction  aperture  needs 
to  be  improved  in  order  to  better  support  the  fundamental  mode  which  has  an  intensity  maximum  in  the  center. 

Figure  1 1  gives  a  2D  vector  plot  of  the  hole  current  indicating  hole  leakage  from  the  MQW  region  into  the  n-doped  InP 
spacer,  where  the  holes  recombine  with  electrons.  This  leakage  is  supported  by  the  n-side  AlInAs  cladding  layer 
underneath  the  MQW,  which  provides  little  hole  confinement  (cf.  Fig.  2).  In  order  to  improve  the  VCSEL  performance, 
this  AlInAs  layer  should  be  removed  since  the  InP  layer  gives  a  larger  valence  band  offset. 


17.8- 

17.6- 

_ . _ i _ . _ i _ . _ i _ . _ i - . - 

n-InP  _ 

tunnel  junction 

17.4- 

v  v  V  7  V  V  V  V  V 7 

1  V  V  V  V  v  v  v  v  y  * 

w  17.2- 

hole  injection  current  -  -  -  p-lnP 

'VVVVVVVVV'*'** 

X 

VVVVVVVVV"1''' 

< 

VVVVVVVVV,»''' 

>-  17.0- 

VVVVVVVVV'1 

^rrrrrrrTr: - mow 

16.8- 

16.6- 

hole  leakage  current 

n-InP 

•  V  *  \  *  *  **  * 

. 

1  \  ^  v  - 

- , - , - . - 1 - 1 - 1 - . - | - » - 

1 - 1 - 1 - • - 1 - 1 - 1 - 1 - 1 - 1 - r 

0  2  4  6  8  10 

Radius  r  [pm] 


Fig.  1 1:  2D  vector  plot  of  the  hole  current  density  indicating  hole  leakage  from  the  MQW  region. 


5.  DESIGN  OPTIMIZATION 

1.3  pm  VCSEL  applications  in  telecommunication  systems  require  single  fundamental  mode  operation  with  more  than 
1  mW  output  power  at  80°C  ambient  temperature.  These  performance  goals  need  to  be  achieved  simultaneously  with 
the  same  device  design.  In  the  following,  we  optimize  our  device  design  using  the  insight  gained  in  the  previous  section. 
A  first  step  is  the  reduction  of  hole  leakage  by  removing  the  lower  AlInAs  layer  (Fig.  12).  As  a  result,  the  hole  leakage 
into  the  n-InP  spacer  layer  is  reduced  by  two  orders  of  magnitude  (Fig.  13).  This  restriction  of  carrier  loss  significantly 
enhances  the  internal  quantum  efficiency  of  the  laser  which  leads  to  a  larger  slope  efficiency  as  shown  in  Fig.  14.  The 
internal  bias  is  slightly  lower  which  results  in  less  self-heating. 

Figure  15  shows  the  benefits  of  higher  n-doping.  The  resistance  of  the  top  n-InP  layer  is  reduced  which  results  in  less 
heating  and  more  uniform  current  distribution  within  the  aperture.  However,  the  impact  on  the  LI  curve  is  relatively 
small.  Much  larger  effect  has  an  increased  n-doping  of  the  tunnel  junction  which  reduces  the  junction  bias  by  almost  1 
V  and  gives  a  significant  output  power  enhancement  (solid  curves). 
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Fig.  12:  Energy  band  diagram  for  device  design  without 
lower  Alin  As  layer. 


Fig.  13:  Vertical  hole  current  profile  for  device  design 
without  lower  AlInAs  layer. 


Fig.  14:  Simulated  LIV  curves  before  (dashed)  and  after 
(solid)  removal  of  the  lower  AlInAs  layer  (the  solid  line  ends 
at  about  3  mA  since  the  simulation  crashed  at  this  point). 


Fig.  15:  Simulated  LIV  curves  for  increased  n-doping  of  the 
top  InP  layer  (dotted)  and  the  tunnel  junction  (solid).  The 
original  design  is  represented  by  the  dashed  curves. 


In  order  to  reduce  the  bias  and  the  intervalence  band  absorption,  a  thinner  p-InP  spacer  layer  above  the  MQW  seems 
advantageous.  We  here  simulate  a  reduction  by  half  of  the  internal  wavelength  from  432.5  nm  to  227.5  nm  thickness. 
The  resulting  LIV  curves  are  somewhat  surprising  (Fig.  16)  as  the  bias  is  unchanged  and  the  maximum  output  power  is 
smaller  than  with  the  original  design.  An  explanation  can  be  derived  from  Fig.  17  which  shows  the  lateral  gain  profile 
for  both  cases  as  well  as  compared  to  the  fundamental  mode  profile.  Obviously,  the  thinner  p-InP  restricts  the  lateral 
current  spreading  which  gives  the  same  overall  bias  and  which  reduces  the  area  of  positive  gain.  As  a  consequence,  the 
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fundamental  mode  experiences  stronger  absorption  in  its  tail  regions  which  reduces  the  modal  gain  as  well  as  the 
maximum  output  power. 


Fig.  16:  Simulated  LIV  curves  with  shorter  p-InP  layer 
(solid)  compared  to  the  original  (dashed). 


Fig.  17:  Lateral  gain  profile  within  the  top  quantum  well  for 
the  original  design  (dashed)  and  with  thinner  p-InP  layer 
(solid).  The  intensity  of  the  fundamental  mode  is  plotted  in 
the  upper  part. 


Further  design  studies  in  search  for  a  maximum  output  power  lead  to  an  optimized  gain  -  mode  offset  of  32  nm,  an 
optimized  number  of  28  top  DBR  periods,  and  a  larger  aperture  of  10  pm.  The  original  number  of  5  quantum  wells 
turns  out  to  be  optimum.  Including  the  changes  discussed  above  (except  the  thinner  p-InP),  the  LIV  characteristics  for 
this  optimized  VCSEL  design  are  shown  in  Fig.  18  with  0.6  mA  threshold  current,  1  V  threshold  bias,  and  a  maximum 
fundamental  mode  power  close  to  2  mW. 


Fig.  18:  Simulated  LIV  curves  (lines)  for  the  optimized  VCSEL  design  compared  to  measurements  on  the  original  VCSEL  (dots). 
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6.  CONCLUSION 


We  have  demonstrated  by  advanced  numerical  simulation  that  design  optimization  of  our  VCSEL  can  lead  to 
simultaneous  demonstration  of  high-temperature  and  high-power  single  mode  lasing  with  the  same  device. 
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ABSTRACT 

The  role  of  metal  apertures  in  the  mechanism  of  lateral  mode  confinement  in  vertical-cavity  surface-emitting  lasers 
(VCSELs)  is  clarified  by  means  of  a  detailed  effective- frequency-method  analysis  of  an  oxide-confined  VCSEL 
structure  with  the  radius  of  the  oxide  window  exceeding  that  of  the  metal  aperture.  Ring  metal  contact  layer  on  top  of  the 
VCSEL  structure  is  shown  to  be  able  to  change  the  conditions  for  the  lateral  waveguiding  in  VCSELs  by  significantly 
modifying  the  local  resonant  properties  of  the  VCSEL  cavity.  The  resonant  effects  are  demonstrated  in  the  longitudinal 
coupled-cavity  system  consisting  of  the  designed  laser  cavity,  determined  by  the  lower  and  top  DBRs,  and  a  very  short 
cavity  formed  by  the  top  DBR  and  semiconductor-metal  interface.  The  conditions  for  higher-order  lateral  mode 
suppression  using  metal  apertures  are  established. 

Keywords:  Numerical  simulation,  effective  frequency  method,  semiconductor  device  modeling,  semiconductor  lasers, 
vertical-cavity  surface-emitting  lasers,  oxide-confined  VCSELs 

1.  INTRODUCTION 

Many  applications  of  vertical-cavity  surface-emitting  lasers  (VCSELs)  require  operating  in  a  fundamental  lateral  mode 
with  sufficiently  high  power.  Oxide  apertures,  commonly  used  for  lateral  mode  control  in  VCSELs,  provide  very  strong 
lateral  mode  confinement.  With  most  of  the  mode  volume  effectively  confined  within  the  active  region,  determined  by 
the  oxide  window,  this  technique  introduces  very  little  modal  discrimination,  which  necessitates  oxide  apertures  of  veiy 
small  diameters  for  single  fundamental  mode  operation  [Jung  1997].  In  addition  to  being  a  factor  that  limits  the  output 
power  of  the  device,  very  small  oxide  apertures  are  also  very  difficult  to  achieve  from  the  technological  point  of  view. 
The  dynamics  of  the  selective  oxidation  process  is  such  that  the  oxidation  rate  depends  strongly  on  the  layer  thickness 
and  ambient  temperature  and  varies  with  time  as  the  oxidation  process  progresses,  increasing  enormously  at  the  stage 
when  the  oxide  aperture  becomes  very  small  [Osiriski  2001].  Such  behavior  hampers  the  control  over  the  oxidation 
process  in  VCSELs  with  very  small  oxide  apertures. 

The  search  goes  on  for  other  mechanisms  of  independent  lateral  mode  control  in  oxide-confined  VCSELs  that  would 
allow  higher  power  from  devices  operating  in  a  favored  fundamental  lateral  mode.  A  number  of  different  techniques 
have  been  employed  with  various  degrees  of  success  to  achieve  that  goal,  such  as  VCSELs  with  tapered  oxide  apertures 
[Choquette  1997],  gain-apertured  VCSELs  [Choquette  2000],  index  anti-guided  VCSELs  [Wu  1995],  [Zhang  1995],  [Oh 
1998],  [Man  1998],  VCSELs  with  an  extended  optical  cavity  [Unold  2000a],  [Unold  2000b],  [Unold  2001a], 
[Riyopoulos  2002],  multi-oxide  layer  VCSEL  structures  [Nishiyama  2000],  a  hybrid  ion  implanted/selectively  oxidized 
VCSEL  structure  [Young  2001],  surface  relief  VCSEL  structures  [Dowd  1997],  [Unold  1999],  [Martinsson  2000], 
[Vukusic  2001],  [Unold  2001b],  [Unold  2001c],  [Debemardi  2003],  and  microlensed  VCSELs  [Koch  1997],  [Park 
2002],  [Park  2003]. 

Spatial  filtering  with  metal  aperture  as  a  simple  and  effective  method  for  lateral  mode  control  has  been  successfully 
demonstrated  in  proton-implanted  VCSELs  with  weak  optical  confinement  [Morgan  1993]  and  recently  revisited  for 
oxide-confined  VCSELs  [Ueki  1999].  Improved  single-mode  behavior  resulting  from  suppression  of  the  higher-order 
lateral  modes  was  experimentally  observed  in  [Ueki  1999]  for  metal  aperture  sizes  from  less  to  equal  or  slightly  larger 
than  that  of  the  oxide  aperture.  The  lateral  spatial  modulation  of  reflectivity  was  named  as  the  mechanism  behind  this 
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phenomenon  in  [Morgan  1993].  where  it  was  indicated  that  the  reflectivity  of  the  metal-semiconductor  interface  could  be 
phase-mismatched  to  become  smaller  than  that  of  semiconductor-air  interface.  Based  on  that  assumption,  the  modal 
discrimination  between  zero-  and  first-order  optical  modes  was  estimated  in  [Ueki  1999]  by  calculating  the  round-trip 
losses  for  those  modes  as  a  function  of  the  metal  aperture  size.  Thus,  the  higher-order  mode  suppression  was  explained 
by  a  more  significant  overlap  of  those  modes  with  the  region  under  the  metal  contact. 

While  it  has  been  realized  that  the  metal  apertures  are  not  just  spatial  filters  for  the  emission  coming  through  the  oxide 
aperture,  but  in  some  way  modulate  the  waveguiding  properties  ofVCSELs  suppressing  the  higher-order  lateral  modes 
[Ueki  1999].  their  role  in  lateral  mode  competition  may  be  more  complicated  than  just  increasing  optical  losses  for 
higher-order  modes.  The  lateral  mode  confinement  in  VCSELs  is  known  to  be  governed  by  lateral  changes  in  resonant 
wavelength  as  determined  by  local  longitudinal  resonances  formed  in  VCSEL  cavity  [Hadley  1995].  Ring  metal  contact 
layer  of  quite  high  reflectivity  can  significantly  modify  the  local  resonant  properties  of  the  VCSEL  cavity.  In  this  paper 
we  present,  to  our  knowledge,  the  first  detailed  numerical  analysis  of  the  role  of  metal  apertures  in  the  mechanism  of 
lateral  mode  confinement  in  VCSELs. 


2.  NUMERICAL  APPROACH 

For  purely  optical  analysis  of  lateral  waveguiding  in  an  oxide-confined  VCSEL  structure,  we  used  the  effective 
frequency  method  (EFM)  [Wenzel  1997],  [Smolyakov  1999],  [Bienstman  2001]  that  will  be  briefly  reviewed  here.  We 
search  for  eigenvalue  solutions  of  the  scalar  wave  equation  linearized  around  the  real-valued  nominal  angular  frequency 
Wo,  corresponding  to  designed  periodicity  of  DBR  mirrors: 

[a + kin1  (f,  cn0 )]  E(  r.  co)  =  v  kg  n( r,  co0 )  wg  (/".  oj0  )  E(  f ,  co)  .  (1) 

Here  ko—Oi(/c  is  the  vacuum  wave  number.  n(r,  co0 )  and  «„(V.  co0 )  are  the  complex  refractive  phase  and  group  indices 
evaluated  at  the  nominal  angular  frequency  co0,  and  the  dimensionless  frequency  parameter  v,  defined  as 

C0n~(0  A,  —  A0  2  to" 

v  =  2 — - - =  2 - -  ,  W 

«o  “o 

plays  the  role  of  the  eigenvalue  of  Eq.  (1).  The  real  part  of  v  gives  the  relative  wavelength  shift  from  the  nominal 
wavelength  Xn.  whereas  its  imaginary  part  is  the  relative  decay  constant  of  the  corresponding  mode.  For  circularly 
symmetric  VCSELs,  the  spatially  dependent  field  £(F,co)  is  approximately  factorized  as  follows: 

£(F)  =  f(::p)R,  (p)exp(i7<p),  (  =  0,1 .  (3) 

where,  for  simplicity  of  notation,  we  have  dropped  the  argument  co.  The  vertical  part  of  the  solution  is  normalized 
according  to 


Kp) 


I  f  (z:p)dz  =  1 


(4) 


with  L(p)  corresponding  to  the  length  of  the  optical  cavity  at  the  radius  p.  .A-;p)  is  given  by  Eq.  (1)  without  in-plane 
derivatives 


Kn'(p,:) 


f(z'-p)  =  veff(p)*<j«(p.-)H„(P-r)/(":P) 


(5) 
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that  is  solved  at  each  radial  position  p.  We  impose  the  basing”  boundary  conditions  onJ(z;p),  ensuring  the  outgoing 
plane  waves  at  the  bottom  and  top  surfaces  of  the  laser  structure  [Wenzel  1997],  [Smolyakov  1999].  Thus,/r;p)  and 
veff{p)  are  the  field  distributions  and  frequency  parameters  describing  local  longitudinal  resonances  formed  in  the  laser 
cavity  at  the  different  positions  p. 

The  lateral  profile  of  the  effective  frequency  veff  (p)  is  then  used  in  the  equation  for  the  radial  part  of  the  solution  R[(p) 

Rl(p)  =  vkt(nn&}pRl(p),  £  =  0,1,...  (6) 

where 

/  \  z(p)  , 

\mg/p  =  I  n(z,p)ng(z,p)f(z;p)±  (7) 

and  R{(p)  is  assumed  to  satisfy  the  boundary  condition  ensuring  a  cylindrical  outgoing  wave  at  a  sufficiently  large  value 
of  p  =  px  [Wenzel  1997],  [Smolyakov  1999],  Solutions  of  Eq,  (6)  are  labeled  as  LP[m  modes,  m  =  1,2,...,  and  the 
corresponding  complex  eigenvalues  vtm  give  the  resonance  wavelengths  and  decay  constants  of  the  modes  of  the  entire 
VCSEL  resonator.  Under  steady-state  conditions,  the  imaginary  part  of  v(m  should  satisfy  the  threshold  condition 


a  1  dt  7  /  \ 

—T  +  — - r+Veff(P)*o^7g) 

dp  p  dp  p  p 


Im(vlm)  =  0  (8) 

As  it  follows  from  Eq.(6),  it  is  the  profile  vef*(p)  that  determines  lateral  waveguiding  in  VCSELs.  According  to  the 
definition  of  the  frequency  parameter  (see  Eq.  (2)),  radial  blue-shift  of  the  local  cavity  resonance  would  lead  to  cavity- 
induced  guiding,  while  by  red-shifting  the  local  cavity  resonance  an  anti-guiding  condition  can  be  realized.  Gain-guiding 
effects  are  accounted  for  by  the  imaginary  part  of  veff  (p),  and  are  typically  much  weaker  than  those  imposed  by  the  real 
part  of  it.  Thus,  qualitative  understanding  of  the  mechanism  of  lateral  mode  confinement  in  VCSELs  can  be  developed 
by  following  lateral  changes  in  the  local  longitudinal  cavity  resonance. 

3.  DEVICE  STRUCTURE  AND  PARAMETERS 

We  used  the  GaAs/AIGaAs  oxide-confined  850-nm  VCSEL  structure  of  Fig.  1  in  our  calculations  to  illustrate  the  effect 
a  metal  aperture  could  have  on  lateral  waveguiding  in  VCSELs.  A  basic  diode  design  was  used  with  a  closely  confined 
current  aperture  provided  by  two  insulating  oxide  regions  that  define  the  window  for  vertical  current  flow.  The  top- 
emitting  mesa  laser  has  a  ring  contact  at  the  top  of  the  mesa,  with  the  radius  of  the  opening  being  smaller  than  the  radius 
of  the  oxide  window. 

The  design  of  the  VCSEL  structure  illustrated  in  Fig.  1  is  summarized  in  Table  1.  The  graded  /7-side  and  /7-side 
distributed  Bragg  reflectors  (DBRs)  are  composed  of  35  and  25  Alo.i6Gao.84As/Alo.92Gao.osAs  pairs,  respectively. 
Multiple-quantum-well  (MQW)  active  region  in  Fig.  1  consists  of  three  7-nm-thick  GaAs  quantum  wells  separated  by  7- 
nm-thick  Alo.3Gao.7As  barriers.  The  optical  cavity  between  the  DBRs  is  composed  of  n -  and  /7-doped  Al0.9sGa0.02As 
(oxidation)  and  Alo.92Gao.osAs  layers  and  non-intentionally  doped  Alo.47Gao.53As  and  Alo.3Gao.7As  layers,  configured 
symmetrically  on  either  side  of  the  MQW. 

The  material  parameters  used  in  numerical  calculations  are  given  in  Table  2.  The  phase  and  group  refractive  indices  of 
AlGaAs  material  are  extracted  from  [Adachi  1985].  The  value  for  the  refractive  index  of  30-nm-thick  Alo.9sGao.02As 
oxidized  layers  is  extracted  from  Fig.  1  of  [Knopp  1998].  The  refractive  index  data  for  the  remaining  materials  are  taken 
from  [Palik  1985].  The  values  for  the  refractive  indices  shown  in  Table  2  are  estimated  at  the  designed  resonant 
wavelength  of  850  nm.  Internal  optical  losses  in  different  layers  were  estimated  based  on  their  doping  levels  (complete 
activation  of  the  dopants  was  assumed)  according  to  the  well-known  formula  a  (cm'1)  =  3x10  1S/?  (cm'1)  +  7xlO~ltS/? 
(cm'1)  [Casey  1978],  which  value  was  then  converted  to  the  imaginary  part  of  the  refractive  index  at  850  nm. 
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Parameter 

Units 

Value 

Comments 

»-Alo  ifiGaosjAs  laver  thickness 

nm 

41.7 

n-DBR 

/7-AlGaAs  graded  layer  thickness 

nm 

20 

n-DBR 

w-AlncpGaooaAs  layer  thickness 

nm 

48 

n-DBR 

Number  of  >?-DRR  pairs 

- 

35  1 

- 

Mol- Ain  „sGan  IPAs  layer  thickness 

nm 

30 

Oxidation  layers 

A(p)-Aln  qiGafl  osAs  layer  thickness 

nm 

36 

n(p)-  spacers 

nid- Al0  47Ga0  s3As  layer  thickness 

nm 

47.5 

77/J-spacers 

nid- Alo  3Ga0  7As  layer  thickness 

nm 

50 

n  id-  spacers 

nid-GaAs  layer  thickness 

nm 

7 

Active  QWs 

Number  of  GaAs  quantum  wells 

- 

3 

- 

nid- Al0  3Ga{)  7As  layer  thickness 

nm 

7 

Barriers 

Number  of  Al0  3Ga«  7As  barrier  layers 

- 

4 

- 

p-Alo  16Ga0  84 As  layer  thickness 

nm 

41.7 

p-DBR 

y-AlGaAs  eraded  layer  thickness 

nm 

20 

p-DBR 

j^-Alo^GaoosAs  layer  thickness 

nm 

48 

p-  DBR 

Number  of  p-DBR  pairs 

- 

25 

- 

P+-GaAs  layer  thickness 

nm 

10  -r  300 

Cap  layer 

Au  layer  thickness 

nm 

210 

Contact 

Inner  radius  of  /^-contact,  Pm 

pm 

8.5 

- 

Radius  of  oxide  window,  pA 

jam 

13.5 

- 

For  our  purely  optical  analysis,  we  treated  the  VCSEL  structure  as  consisting  of  three  distinct  sections  in  the  lateral 
direction,  shown  schematically  in  Fig.l.  Lateral  uniformity  of  all  material  parameters,  including  material 
gain/absorption,  was  assumed  within  each  section.  Also,  we  neglected  the  temperature-induced  waveguiding  in  our 
analysis  as  not  essential  for  our  purpose  here. 
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Table  2.  Material  parameters  used  in  calculations 


Parameter 

Material 

Value 

Comments 

Phase  refractive  index 

GaAs 

3.67 

at  850  nm.  300  K 

Group  index 

4.58 

Phase  refractive  index 

Alo.l6Gao.84AS 

3.52 

at  850  nm,  300  K 

Group  index 

4.42 

Phase  refractive  index 

Alo.3Gao.7AS 

3.43 

at  850  nm,  300  K 

Group  index 

4.02 

Phase  refractive  index 

Alo.47Gao.53AS 

3.32 

at  850  nm,  300  K 

Group  index 

3.76 

Phase  refractive  index 

Alo.92Gao.08AS 

3.05 

at  850  nm,  300  K 

Group  index 

3.35 

Phase  refractive  index 

Alo.98Gao.02AS 

3.01 

at  850  nm,  300  K 

Group  index 

3.3 

Phase  refractive  index 

(Alo98Gao.o2)xOy 

1.575 

at  850  nm,  300  K 

Group  index 

1.575 

Refractive  index 

Au 

at  850  nm,  300  K 

Group  index 

4.  RESULTS  AND  DISCUSSION 

In  order  to  get  a  qualitative  understanding  of  lateral  mode  confinement  in  the  VCSEL  structure  under  consideration,  we 
first  calculate  the  lateral  changes  in  the  longitudinal  cavity  resonance.  For  that  purpose,  we  perform  one-dimensional 
longitudinal  optical  analysis  by  solving  Eq,  (5)  in  all  three  lateral  sections  of  the  device.  The  real  part  of  the  calculated 
value  of  veff  (p)  (see  Eq.(2)  for  the  definition  of  the  frequency  parameter)  gives  us  the  local  resonant  wavelength  A,,  while 
its  imaginary  part  tells  us  how  lossy  the  local  cavity  resonance  is,  and  can  be  directly  converted  into  photon  lifetime.  To 
make  the  effect  of  the  metal  aperture  on  the  local  resonant  properties  of  the  cavity  clearer,  no  material  gain  or  resonance 
absorption  in  the  active  region  was  assumed  in  the  calculations.  The  cap  layer  thickness  was  used  as  a  parameter 
allowing  us  to  phase-mismatch  the  reflection  from  the  metal-semiconductor  interface. 


Cap  layer  thickness  [nm] 

Fig.  2.  The  calculated  system  of  three  different  longitudinal  resonances  for  the  first  lateral  section  of  the  device.  The  dotted  lines 
indicate  the  values  of  */cap  at  which  the  longitudinal  intensity  distributions  of  Fig.  3  have  been  calculated. 
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Vertical  distance  [pm] 

(a) 


Fig.  3.  The  intensity  distributions  for  three  different  longitudinal  resonances  of  Fig.  2  calculated  for  particular  cap  layer  thicknesses 
dcap  =  10  nm  (a)  and  dca?  =  120  nm  (b). 

Fig.  2  shows  the  calculated  resonant  wavelength  for  a  system  of  three  different  longitudinal  resonances  in  the  first  (on- 
axis)  lateral  section  of  the  device  as  a  function  of  the  cap  layer  thickness.  The  corresponding  longitudinal  intensity 
distributions  are  illustrated  in  Fig.  3a,b  for  particular  cap  layer  thicknesses  r/ca p  -10  nm  and  dca p  —  120  nm.  As  it  follows 
from  that  Figure,  the  longitudinal  resonance  representing  the  cavity  mode  is  given  by  solid  curve  in  Fig.2.  It  should  be 
noted  here  that  we  did  not  have  a  capability  of  dynamically  readjusting  the  values  for  refractive  indices  with  the 
wavelength  in  the  calculations.  Therefore,  the  parts  of  the  solutions  in  Fig.l  that  deviate  significantly  from  the  designed 
resonant  DBR  wavelength  X,0  =  850  nm  (used  as  a  reference  wavelength  in  the  EFM  method)  are  only  of  qualitative 
value.  However,  the  only  important  longitudinal  resonance  representing  the  cavity  mode  belongs  to  a  very  close  vicinity 
of  A,0,  and  thus  can  be  trusted  from  the  numerical  point  of  view  as  well. 


We  show  the  details  of  that  particular  solution  in  Fig.  4a  by  magnifying  the  part  of  Fig.2  around  X0  -  850  nm.  The 
corresponding  photon  lifetimes  for  different  longitudinal  resonances  are  shown  in  Fig.  4b.  One  can  observe  the  minima 
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Refractive  index 


in  photon  lifetime  occurring  with  the  periodicity  in  cap  layer  thickness  corresponding  to  X/2  in  the  cap  layer  medium 
(GaAs).  These  minima  correlate  with  the  minima  of  reflection  from  the  top  DBR  as  determined  by  anti-resonant 
reflection  condition  from  the  semiconductor-air  interface.  With  the  reflectivity  of  that  interface  being  quite  small  (~  0.33 
at  X0  -  850  nm),  we  observe  only  a  little  disturbance  in  the  local  resonant  wavelength  around  those  points  (Fig.  4a). 

The  situation,  however,  dramatically  changes  in  the  second  lateral  section,  where  the  reflectivity  of  the  top  DBR  is 
modified  by  the  ring  metal  contact.  The  quite  high  reflectivity  of  the  semiconductor-metal  interface  (~  0.936  at  Xq  -  850 
nm)  leads  to  a  system  of  longitudinal  resonances  demonstrating  clear  anti-crossing  behavior  (Fig.  5a),  which  means  that 
the  resonant  wavelength  corresponding  to  the  cavity  mode  is  now  represented  by  two  (or  more,  depending  on  the  range 
of  dcap)  different  longitudinal  solutions  before  and  after  the  anti-crossing  points.  The  points  of  anti-crossing  correspond, 
as  before,  to  the  minima  of  reflection  from  the  metal-modified  top  DBR  (with  the  periodicity  being  the  same  as  before, 
we  show  only  the  very  first  one).  Those  minima,  however,  are  significantly  shifted  (rfcap  =  108.4  nm  as  compared  to  dcap 
=  72  nm  for  the  on-axis  solution),  which  is  explained  by  a  very  large  imaginary  part  of  the  refractive  index  of  the  metal 
layer  resulting  in  an  additional  very  significant  phase  shift  in  reflection  from  the  semiconductor-metal  interface. 
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Fig.  5.  The  calculated  system  of  two  different  longitudinal  resonances  for  the  second  lateral  section  of  the  device  (a),  and  the 
longitudinal  intensity  distributions  calculated  at  the  points  indicated  by  arrows  in  Fig.  5a. 


The  position  of  anti-crossing  in  Fig.  5a  corresponds  to  a  resonance  condition  in  the  longitudinal  coupled-cavity  system 
consisted  of  the  designed  laser  cavity,  as  determined  by  the  lower  and  top  DBRs,  and  a  very  short  cavity  formed  by  the 
top  DBR  and  semiconductor-metal  interface.  Far  from  the  resonance  (curves  a  and  d  in  Fig.  5b),  the  longitudinal 
solutions  belong  to  either  one  of  the  cavities  or  the  other.  Close  to  the  resonance,  the  longitudinal  solutions  acquire 
comparable  intensity  peaks  in  both  of  them  (curves  b  and  c  in  Fig.  5b).  The  much  stronger  anti-phase  reflection  from  the 
semiconductor-metal  interface  at  that  point  results  in  a  dramatically  reduced  reflection  from  the  metal-modified  top 
DBR.  The  very  significant  part  of  the  optical  intensity  is  accumulated  instead  in  the  second  short  cavity  and  eventually 
strongly  absorbed  in  the  metal  layer.  The  longitudinal  cavity  resonance  in  the  second  lateral  section  of  the  device  is  thus 
characterized  by  a  very  strong  and  quite  narrow  minimum  in  the  photon  lifetime  seen  in  Fig.  6.  For  comparison 
purposes,  the  calculated  photon  lifetime  for  the  on-axis  solution  (first  lateral  section  of  the  device)  is  shown  again  in 
Fig.6.  As  one  can  see  from  the  Figure,  the  conditions  for  higher-order  lateral  mode  suppression  assumed  in  [Morgan 
1993,  Ueki  1999]  exist  in  a  very  small  range  of  cap  layer  thicknesses  from  dcav  ~  101.8  nm  to  dcap  ~  116.2  nm.  If  not 
carefully  designed  for  precise  phase-mismatched  reflection,  the  ring  metal  contact  on  top  of  jy-DBR  would  actually  favor 
the  higher-order  mode  generation  by  decreasing  the  optical  losses  for  the  part  of  emission  extending  under  the  metal 
contact.  As  the  phase  of  the  reflection  from  the  metal-covered  top  DBR  is  significantly  affected  by  the  strong  anti-phase 
reflection  from  the  semiconductor-metal  interface  close  to  the  anti-crossing,  the  tangible  shift  in  the  resonant  wavelength 
is  observed  under  close-to-resonance  conditions  in  the  coupled-cavity  system  (Fig.  5a). 
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A  similar  optical  analysis  performed  for  the  third  lateral  section  of  the  device  revealed  that  both  the  wavelength  of  the 
longitudinal  resonance  and  the  position  of  the  anti-crossing  are  shifted  as  compared  to  the  other  two  sections  by  the 
presence  of  the  oxide  layers  (Fig.  7a, b). 


Fig.  6.  The  photon  lifetimes  as  a  function  of  </cap,  calculated  for  different  longitudinal  resonances  in  the  first  and  second  lateral 
sections  of  the  device. 


Fig.  7.  The  calculated  system  of  two  different  longitudinal  resonances  for  the  third  lateral  section  of  the  device  (a),  and  the 
corresponding  photon  lifetimes  as  a  function  of  c/eap. 

We  are  now  in  a  position  to  qualitatively  understand  the  role  of  the  metal  aperture  in  the  mechanism  of  lateral  mode 
confinement  by  following  the  lateral  changes  in  the  longitudinal  cavity  resonance.  The  general  picture  is  given  in  Fig.  8a 
where  the  calculated  values  for  the  local  resonant  wavelength  for  all  three  lateral  sections  of  the  device  are  summarized. 
The  one  immediate  conclusion  from  that  Figure  is  that  the  oxide  section  of  the  device  (the  third  lateral  section)  is 
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strongly  blue-shifted  with  respect  to  the  other  two  lateral  sections.  That  means  that  no  matter  what  happens  in  the  first 
two  lateral  sections  of  the  device  the  lateral  mode  will  always  be  very  strongly  confined  within  the  aperture  provided  by 
the  oxide  window.  Having  established  that,  let  us  consider  in  more  details  the  peculiarities  of  lateral  mode  formation  in 
the  first  two  sections.  As  revealed  by  Fig.  8b.  the  metal  aperture  provides  additional  lateral  mode  confinement  by  blue- 
shifting  the  local  longitudinal  resonance  for  all  cap  layer  thicknesses  up  to  the  point  of  the  first  minimum  in  the  top  DBR 
reflection  (dcap  =  72  nm)  on  the  axis  of  the  device.  After  that  point  the  resonant  wavelength  on  the  axis  of  the  device  is 
shifted  towards  shorter  wavelength,  and  the  metal  section  (the  second  lateral  section)  turns  out  to  be  red-shifted  with 
respect  to  the  central  part  of  the  device.  That  red  shift  increases  even  more  as  the  cap  layer  thickness  approaches  the 
point  of  anti-crossing  for  the  second  lateral  section  of  the  device.  Significant  lateral  mode  distortion  should  be  expected 
in  that  range  of  cap  layer  thicknesses  associated  with  the  anti-guiding  condition  imposed  by  the  red  shift  in  the  local 
longitudinal  cavity  resonance  as  discussed  in  Section  2  of  this  paper.  After  passing  the  resonant  value  of  dcap  =  108.4  mn, 
the  character  of  the  mode  confinement  changes  again  as  the  longitudinal  cavity  resonance  under  the  metal  contact  shifts 
to  the  shorter  wavelengths,  and  that  part  of  the  device  becomes  blue-shifted  again. 


Cap  layer  thickness  [nm]  Cap  layer  thickness  [mil] 

(a)  (b) 

Fig.  8.  The  calculated  longitudinal  resonances  for  all  three  lateral  sections  of  the  device  (a),  and  the  calculated  longitudinal  resonances 
for  the  first  two  lateral  sections  of  the  device  (b).  The  longitudinal  resonances  shown  determine  the  cavity  mode. 


We  support  these  predictions  by  showing  the  evolution  of  the  fundamental  LP0i  lateral  mode  profile  with  the  cap  layer 
thickness,  calculated  at  threshold  for  each  value  of  dcap.  The  lateral  mode  profiles  are  obtained  by  finally  solving  Eq.(6), 
based  on  the  calculated  profile  of  vetT(p).  As  expected,  the  initially  well-behaved  lateral  mode  is  gradually  pulled  under 
the  metal  contact  (Fig.9)  just  in  the  predicted  range  of  the  cap  layer  thicknesses. 

For  threshold  calculations  we  assumed  resonant  absorption  of  2000  cm'1  in  the  QWs  everywhere  outside  the  active 
region  defined  by  the  oxide  window  (the  third  lateral  section)  and  constant  material  gain  within  the  active  region  (the 
first  two  lateral  sections).  The  threshold  material  gain  is  obtained  by  adjusting  the  value  of  the  material  gain  until  the 
threshold  condition  of  Eq.(8)  is  satisfied.  The  calculated  threshold  material  gain  as  a  function  of  the  cap  layer  thickness 
is  shown  in  Fig.  10  for  the  first  three  lowest-order  lateral  modes.  All  three  curves  demonstrate  a  very  similar  behavior. 
The  increase  in  the  threshold  around  dCCip  —  72  nm  is  explained  by  the  minimum  of  reflection  from  the  top  DBR  and 
hence  the  maximum  of  optical  losses  for  the  mode  in  the  central  on-axis  part  of  the  device  (see  Fig.  4b  or  Fig. 6).  The 
mode  pulling  under  the  metal  contact  does  not  automatically  mean  an  increase  in  threshold,  since  the  metal  layer 
generally  improves  the  resonator  quality  everywhere  except  for  the  very  narrow  range  of  the  cap  layer  thicknesses 
around  the  resonant  value  of  dcsp  =  108.4  mn  (see  Fig.  6).  It  is  in  this  very  narrow  range  of  dQap  that  the  threshold  material 
gain  first  increases  enormously  for  the  laterally  red-shifted  VCSEL  cavity,  and  then  drops  down  as  the  corresponding 
blue-shift,  after  passing  the  resonance,  changes  the  guiding  condition  again  towards  a  well-behaved  mode  that  has  very 
little  overlap  with  the  metal  region.  By  making  the  lasing  generation  impossible,  this  anomalous  increase  in  the  lasing 
threshold  restricts  even  further  the  very  small  range  of  <7cap  values  suitable  for  higher-order  mode  suppression.  Our 
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calculations  show  the  higher  threshold  for  higher-order  modes  in  a  very  small  range  of  cap  layer  thicknesses  from  dcap 
=108.4  nm  to  c/cap  =  1162  nm,  while  outside  that  very  narrow  region  the  metal  aperture  would  favor  the  higher-order 
lateral  mode  generation. 


Fig.  9.  The  evolution  of  the  fundamental  LP0i  lateral  mode  profile  with  the  cap  layer  thickness.  The  lateral  mode  profiles  are 
calculated  at  threshold  for  each  value  of  dca{l. 


Fig.  10.  The  calculated  threshold  material  gain  for  the  first  three  lowest-order  lateral  modes  as  a  function  of  the  cap  layer  thickness. 

CONCLUSIONS 

In  this  paper  the  role  of  metal  apertures  in  the  mechanism  of  lateral  mode  confinement  in  VCSELs  has  been  claiified  by 
a  detailed  optical  EFM  analysis  of  an  oxide-confined  VCSEL  structure  with  the  radius  of  the  oxide  window  exceeding 
that  of  the  metal  aperture.  By  significantly  modifying  the  local  resonant  properties  of  the  VCSEL  cavity,  metal  contact 
layer  can  change  the  conditions  for  the  lateral  waveguiding  in  VCSELs.  We  have  shown  that  ring  metal  contact  layer  on 
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top  of  the  VCSEL  structure  does  not  necessarily  provide  the  lateral  mode  confinement  effect.  Under  certain  conditions,  it 
can  impose  “anti-guiding"  condition  in  the  VCSEL  cavity  resulting  in  severe  distortion  of  the  lateral  mode  configuration. 

With  the  metal  contact  layer  as  an  additional  mirror,  resonant  coupled-cavity  effects  can  be  expected  in  VCSELs, 
provided  the  cap  layer  is  thick  enough  to  play  the  role  of  an  additional  cavity.  The  resonance  in  the  coupled-cavity 
system  can  prevent  lasing  action  in  an  “anti-guided’"  “red-shifted”  device  configuration  as  a  result  of  severe  modal  gain 
suppression. 

The  conditions  suitable  for  higher-order  lateral  mode  suppression  exist  only  in  a  very  narrow  range  of  the  cap  layer 
thicknesses  in  a  dangerously  close  vicinity  of  the  resonance  in  the  coupled-cavity  system.  In  order  to  use  metal  apertures 
for  higher-order  mode  suppression,  the  cap  layer  thickness  must  be  extremely  carefully  adjusted  (1)  to  be  close  to  the 
resonant  values  for  the  cap  layer  thickness  and  (2)  to  avoid  "anti-guided”  “red-shifted”  cavity  configurations. 
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ABSTRACT 

Electrically  conductive  zirconium  diboride  (ZrB2)  is  a  promising  lattice-matched  substrate  for  GaN-based  nitride 
semiconductors.  In  this  paper,  important  properties  of  ZrB2  as  a  substrate  for  nitrides,  such  as,  thermal  expansion 
coefficient,  thermal  conductivity,  optical  reflectivity  and  cleavage,  are  reviewed.  Then,  heteroepitaxial  growth  of  GaN 
and  AIN  on  the  substrate  by  molecular-beam  epitaxy  (MBE)  are  discussed.  Direct  growth  and  two-step  growth  using 
low-temperature  GaN  nucleation  layers  as  well  as  characterization  of  the  surface  condition  of  ZrB2  substrates  by  X-ray 
photoelectron  spectroscopy  (XPS)  and  the  effect  of  surface  treatment  on  grown  layers  are  presented. 

Keywords:  GaN,  ZrB2,  Heteroepitaxy,  Molecular-beam  epitaxy,  thermal  expansion,  lattice  matching 


1.  INTRODUCTION 

Gallium  nitride  (GaN)-based  group-III  nitrides  (III-Ns)  are  the  most  promising  materials  for  short  wavelength  light- 
emitting  devices,  high-frequency  transistors  and  power  switching  devices  owing  to  their  material  properties.  Electrically 
and  thermally  conductive  substrates  are  desirable  for  III-N  devices  with  high-density  vertical  current  flow,  such  as  laser 
diodes  (LDs)  and  vertical  power  transistors.  In  addition,  of  course,  lattice  matching  is  an  important  factors  to  realize 
high  quality  heteroepitaxial  growth.  Nitride  researchers  have  tried  various  crystals  as  the  substrate. 

Kinoshita  focused  on  zirconium  diboride  (ZrB2),  known  as  material  for  electrically  conductive  ceramic  applications, 
as  the  substrate.  Because  the  compound  has  a  hexagonal  structure  with  an  in-plane  lattice  constant  of  3.169  A  [1]  which 
is  very  close  to  that  of  GaN  and  exactly  the  same  as  Alo.25Gao.75N.  However,  due  to  its  high  melting  point  and  strong 
violent  evaporation  at  the  melting  point,  growth  of  single  crystal  ZrB2  was  very  difficult.  Otani  et  ciL  had  studied  bulk 
growth  of  various  metal  borides  by  a  floating-zone  (FZ)  method  [2,3,4].  Based  on  the  study,  Kinoshita  and  Otani  have 
started  to  develop  the  ZrB2  bulk  growth  technique  to  obtain  substrate-grade  single  crystals  [5].  At  the  time,  we  stalled  to 
assess  the  possibility  of  heteroepitaxial  growth  of  GaN  and  AIN  by  molecular-beam  epitaxy  using  ZrB2  substrates 
provided  by  Kinoshita  and  Otani  [6,7].  After  confirmation  of  epitaxial  growth  of  both  GaN  and  AIN  on  the  substrates  by 
MBE,  a  metal-organic  vapor  phase  epitaxy  (MOVPE)  study  was  started  at  Meijo  University  [8,9]. 

In  this  paper,  properties  of  ZrB2  as  well  as  recent  progress  in  bulk  growth  are  reviewed.  Some  important  properties  as 
a  substrate  for  III-N  devices,  such  as  thermal  expansion  coefficient,  thermal  conductivity,  optical  reflectivity  and 
cleavage  were  described.  Then,  heteroepitaxial  growth  of  GaN  and  AIN  on  the  substrate  by  MBE  is  discussed.  Direct 
growth  and  two-step  growth  using  a  low-temperature-grown  GaN  nucleation  layer  are  presented.  Characterization  of 
surface  condition  of  ZrB2  substrates  by  X-ray  photoelectron  spectroscopy  (XPS)  and  the  effect  of  surface  treatment  on 
MBE  growth  of  GaN  layers  are  also  mentioned. 

2.  PROPERTIES  OF  ZIRCONIUM  DIBORIDE 

2.1  Crystal  structure 

Metal  diboride  compounds  (MB2)  have  a  hexagonal  crystal  structure  as  illustrated  in  Fig.  1  [10].  This  structure  is 
non-polar  (space  group  P6/mmm).  The  metal  and  boron  atoms  are  arranged  in  alternate  planar  layers  along  the  c-axis.  B 
atoms  form  a  graphite-like  two-dimensional  hexagonal  net  structure.  Metal  atoms  are  arranged  on  a  simple  hexagonal 
lattice  and  its  in-plane  position  is  at  the  center  of  the  hexagonal  ring  of  B  atoms.  Both  XPS  and  theoretical  calculations 
suggest  that  the  B  atoms  are  bonded  each  other  by  graphite-like  sp2  bonding  [11].  Due  to  the  strong  bonding,  the 
melting  point  of  MB2  compounds  is  very  high.  For  example,  that  of  ZrB2  is  3220°C. 

2.2  Lattice  constant 
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The  in-plane  (a-axis)  lattice  constant  of  M B :  is  dominated  by  covalent  radii  of  boron.  The  standard  covalent  B-B 
bond  length,  1 .76  A,  gives  an  a-axis  lattice  constant  of  3.05  A.  However,  it  has  a  small  dependence  on  the  metal  atom, 
i.e.,  a  larger  metal  atom  increases  the  a-axis  lattice  constant  slightly.  Lattice  constants  for  various  metal  borides  are 
summarized  in  Table  I.  Among  them.  ZrB2  has  an  in-plane  lattice  constant  of  3.169  A,  which  is  between  those  of  GaN 
(3.189  A)  and  AIN  (3.112  A).  Thus,  the  in-plane  lattice  constant  of  Alo.25Gao.75N  is  perfectly  matched  to  that  of  ZrB2. 

Hexagonal  silicon  carbide  (SiC)  and  zinc  oxide  (ZnO)  have  been  proposed  as  (nearly)  lattice  matched  substrates  for 
GaN-based  materials.  However,  in  the  case  of  ZnO,  to  obtain  perfect  matching,  -20%  incorporation  of  In  is  required.  It 
is  difficult  to  obtain  homogenous  InGaN  films  with  such  a  high  In  content  due  to  phase  separation.  In  the  case  of  SiC, 
where  the  in-plane  lattice  constant  of  SiC  (3.081  A)  is  0.9%  smaller  than  that  of  AIN,  it  is  impossible  to  obtain  lattice 
matching  in  the  AlxGa,.xN  system.  Incorporation  of  B  has  been  proposed  to  reduce  the  lattice  constant  of  group-III 
nitrides.  For  example,  B0.i7Ga0.8.,N  is  expected  to  be  lattice  matched  to  SiC.  However,  incorporation  of  B  into  the 
AlGaN  system  is  still  challenging.  From  the  viewpoint  of  device  applications,  Alo.25Gao.75N  lattice-matched  to  ZrB2  is 
very  suitable  for  the  cladding  layer  in  short-wavelength  LDs.  This  makes  the  ZrB2  substrate  very  attractive.  It  should  be 
noted  that  c-axis  lattice  constant  of  ZrB2  (3.530  A)  is  much  different  from  that  of  GaN  (5.185  A).  Therefore,  off-axis  or 
other  crystal  faces  of  ZrB2  are  not  suitable  for  epitaxy  of  Ill-nitrides. 

23  Thermal  expansion  coefficient 

Besides  the  lattice  constant,  the  thermal  expansion  coefficient  is  another  important  physical  property  for  substrates. 
The  in-plane  thermal  expansion  of  single  crystal  ZrB2  was  measured  from  room  temperature  to  400°C  [8].  Within  the 
measured  temperature  range,  the  in-plane  thermal  expansion  coefficient  is  5.9x10  K  ,  very  close  to  that  of  GaN 
(5.6xl0'6  K'1).  In  GaN  heteroepitaxy  on  substrates  such  as  sapphire,  SiC,  and  Si,  wafer  bending  or  cracking  due  to 
thermal  expansion  mismatch  between  the  grown  layer  and  substrate  is  a  serious  problem.  In  this  legal d,  ZrB2  is  a 
superior  substrate.  The  temperature  dependence  of  the  in-plane  lattice  constants  of  GaN  and  AlGaN  was  plotted  in 
Figure  2  with  those  of  ZrB2.  Thanks  to  the  similar  thermal  expansion  coefficients,  AlGaN  maintains  a  good  lattice 
match  at  700°C,  a  typical  MBE  growth  temperature. 


Compound 

a-axis 

c-axis 

MgB2 

3.084  AT 

3.522  A 

A1B2 

3.009  A 

3.262  A 

TiB2 

3.028  A 

3.228  A 

yb2 

3.298  A 

3.843  A 

ZrB2 

3.169  A 

3.530  A 

Table  I.  Lattice  constants  of  various  metal  diborides. 


Figure  1.  Crystal  structure  of  ZrB2. 


Temperature  (°  C) 

Figure  2.  Temperature  dependence  of  in-plane  lattice 
constants  of  GaN,  Alo.25Gao.75N  and  ZrB2. 
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2.4  Electrical  and  thermal  conductivity 

ZrB2  is  thought  to  be  a  semi-metal  [12].  The  electrical  resistivity  of  single  crystal  ZrB2  is  on  the  order  of  pQ-cm 
[13,14].  Thermal  conductivities  along  the  c-axis  and  a-axis  were  measured  by  Kinoshita  et  al  by  a  laser  flush  method 
[Kinoshital].  The  value  was  100  W/mK  and  140  W/mK  along  the  c-axis  and  a-axis,  respectively.  These  values  are 
almost  three  times  larger  than  those  of  sapphire  (30  W/mK,  50  W/mK).  The  values  of  ZrB2  are  comparable  to  that  of 
silicon  (150  W/mK).  Compared  to  sapphire,  ZrB2  has  a  clear  advantage  in  thermal  dissipation.  Of  course,  among 
possible  substrates  for  Ill-nitrides,  SiC  has  the  highest  thermal  conductivity  (300-490  W/mK). 

2.5  Optical  properties 

To  the  eye  the  ZrB2  substrate  appears  to  be  a  good  mirror,  but  the  reflectivity  for  visible  light  is  not  100%.  Figure  3 
shows  reflectance  spectra  for  a  mirror-polished  ZrB2  (0001)  substrate  with  an  angle  of  incidence  5°  off  the  normal.  The 
reflectivity  is  around  60%  for  visible  light,  i.e.,  some  light  is  absorbed  by  the  substrate.  Thus,  unfortunately,  high  light- 
extraction  efficiency  structures  utilizing  multiple  internal  reflections  (as  reported  for  III-N/sapphire  light-emitting 
diodes)  can  not  be  applied  for  III-N/ZrB2.  On  the  other  hand,  for  LDs,  optical  light  is  confined  within  waveguide  layers. 
Proper  design  of  the  laser  structure  can  easily  avoid  the  problem  of  absorption  in  the  substrate. 

Cleavage  is  a  very  effective  way  to  fabricate  the  optical  cavity  for  a  LD.  In  the  case  of  sapphire,  the  cleavage 
direction  of  the  substrate  is  30°-rotated  against  that  of  GaN.  However,  cleavage  of  thin  ZrB2  substrates  was  observed 
along  the  <1 1-20>  direction  with  cleaving  facets  of  { 1-101 }  [15].  The  direction  is  the  same  of  that  of  GaN. 


Figure  3.  Reflectance  from  mirror-polished  ZrB2  (0001)  surface.  Angle  of  incidence  is  5°  off-normal. 


2.6  ZrB2  bulk  growth 

Otani  et  al  have  studied  RF  heated  floating  zone  method  for  TiB2,  HfB2  and  ZrB2  [2,3,4].  Otani  and  Kinoshita 
developed  the  method  for  substrate-grade  ZrB2  bulk  growth.  Single  crystals  10  mm  in  diameter  and  60  mm  long  were 
successfully  grown  [5,8].  Thanks  to  melt  growth,  a  high  growth  rate  (moving  rate  of  molten  zone)  of  20-30  mm/h  can  be 
obtained.  Recently,  Kinoshita  reported  a  20  mm-diameter  and  40  mm-long  single  crystal  [15].  Details  of  the  bulk 
growth  technique,  crystalline  quality  and  polishing  process  are  given  in  the  references  listed  above. 


3.  HETEROEPITAXIAL  GROWTH 

3.1  Challenges  in  heteroepitaxial  growth  of  III-N  on  ZrB2 

As  mentioned  above,  ZrB2  is  very  attractive  substrate  for  GaN-based  nitrides.  However,  there  are  some  problems  to 
overcome.  (1)  Epitaxial  relationship.  In-plane  lattice  matching  and  cleavage  direction  matching  described  above  is 
based  on  the  assumption  that  a-axisoaN//a-axisZl.B2.  However,  the  chemical  bonding  in  Zr-B  and  Ga-N  are  very  different. 
Boron  atoms  form  in-plane  sp2  bonding,  but  Ga  and  N  atoms  have  tetrahedral  bonding.  There  is  a  possibility  that  some 
other  epitaxial  relationship  may  be  more  stable  than  a-axisGaN//a-axisZrB2  due  to  the  interface  bonding  between  ZrB2  and 
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GaN.  If  GaN  were  to  grow  on  ZrB2  with  a  30°  in-plane  rotation,  the  presumed  advantages  of  a-axis  lattice  matching  and 
shared  <ll-20>  cleavage  direction  would  be  completely  lost.  (2)  Polarity.  The  ZrB2  (0001)  surface  has  no  polarity, 
while  the  GaN  (0001) 'surface  has  a  polarity.  Polarity  control  is  very  important  to  realize  high-performance  device. 
Interface  control  of  GaN/ZrB2  is  essential  to  realize  polarity  control.  Substrate  surface  treatments,  polishing,  etching  and 
cleaning  process,  are  also  important. 


Crystal  structure 

Polarity 

a-axis 

(A) 

Thermal 

Expansion 

(x10"6/K) 

Electrical 

Conductivity 

(£2-cm) 

Thermal 

Conductivity 

(W/m-K) 

GaN 

Hexagonal 
Wurtzite  (2H) 

Polar 

3.189  A 

5.6 

10  m 

130 

AIN 

Hexagonal 
Wurtzite  (2H) 

Polar 

3.112  A 
-2.4% 

4.2 

(-1.4) 

Insulator 

285 

Sapphire 

Trigonal 

Corundum 

2.747  A* 
-16% 

7.5 

(+1.9) 

Insulator 

30-50 

ZnO 

Hexagonal 
Wurtzite  (2H) 

Polar 

3.250  A 
+  1.8% 

6.5 

(+0.9) 

40m 

130 

SiC 

Hexagonal 

4H  or  6H 

Polar 

3.081  A 
-3.5% 

4.3 

(-1.3) 

10  m  ~  S.I. 

300-490 

Si 

Cubic 

Diamond 

3.840  A 
+  17% 

3.6 

(-2.0) 

0.1  m~  104 

150 

Hf 

Hexagonal 

h.c.p. 

3.197  A 
+2.5% 

5.6 

(~0) 

35p 

(metal) 

23 

ZrB2 

Hexagonal 

A1B2 

3.170  A 
-0.5% 

5.9 

(0.3) 

5  [X 

(semi-metal) 

130 

Table  II.  Comparison  of  various  substrates  for  GaN-based  nitrides.  Lattice  mismatch  and  thermal  expansion  difference 
are  defined  as  (a<,uh-ac,aN)/asub  x  100%  and  Aa/asul,-Aa/aGaN.  respectively.  *The  lattice  constant  of  sapphire  is  the 
equivalent  value  by  assuming  epitaxial  relationship  between  GaN  and  sapphire. 


3.2  Direct  growth 

Direct  growth  of  GaN  and  AIN  were  studied  at  the  first  stage.  Because  the  lattice  constant  of  the  grown  layer  is  nearly 
matched  to  the  substrate,  a  buffer  layer  for  relaxation  of  the  lattice  mismatch  was  thought  to  be  not  necessary.  The 
source  materials  were  elemental  Ga  and  Al,  and  radio  frequency  (rf)  plasma-excited  active  nitrogen  (N1).  Mirror- 
polished  ZrB2  (0001)  crystals  were  used  as  substrates.  It  should  be  noted  that  growth  temperature  indicated  in  this  paper 
is  a  direct  reading  of  a  thermocouple  just  behind  the  substrate,  but  the  true  substrate  temperature  may  be  lower  than  this. 
After  thermal  cleaning  at  950~1000°C,  the  substrate  temperature  was  decreased  to  750°C  (for  GaN)  or  850°C  (for  AIN). 
The  nitrogen  plasma  cell  was  ignited  and  then  the  growth  was  initiated  by  supplying  the  group-III  flux.  The  typical 
growth  rates  were  0.6  um/h  and  0.3  urn/h  for  GaN  and  AIN,  respectively.  The  grown  layers  were  characterized  by  X-ray 
diffraction  (XRD)  and  atomic  force  microscopy  (AFM)  as  well  as  in  situ  reflection  high-energy  electron  diffraction 
(RHEED).  The  layer  thickness  was  calculated  from  optical  interference  fringes  using  tabulated  values  for  the  refractive 
indices  of  GaN  and  AIN. 

RHEED  patterns  from  directly  grown  GaN  layers  were  spotty  all  throughout  the  growth.  The  RHEED  pattern  after  3- 
h  growth  (thickness  of  1 .4  pm)  is  shown  in  Fig.  4.  The  pattern  clearly  indicates  that  hexagonal  GaN  was  grown  on  the 
ZrfL  substrate  with  a  certain  epitaxial  relationship.  However,  the  appearance  of  an  arrow  head-like  spotty  pattern 
suggests  the  surface  is  rough  and  facetted.  Figure  5  shows  XRD  20-scan  measurement  fioni  the  grown  layer  with  an 
open  detector  slit  condition.  The  GaN  (0002)  and  (0004)  diffraction  peaks  as  well  as  the  ZrB2  (0001)  and  (0002) 
diffraction  peaks  were  clearly  observed.  This  result  indicates  the  epitaxial  relationship  of  c-axisGaN//c-axisZlD2 
([0001]GaN//  [0001  ]/,i!2).  High-resolution  XRD  measurement  was  also  carried  out  to  determine  lattice  constants.  The  c- 
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axis  lattice  constants  of  GaN  and  ZrB2  were  estimated  to  be  5.183±0.001  A  and  3.529±0.001  A,  respectively.  Since  the 
c-axis  lattice  constant  of  bulk  GaN  is  reported  to  be  5.185  A,  the  GaN  layer  grown  on  ZrB2  is  nearly  strain-free. 
Assuming  the  GaN  layer  is  fully  relaxed  at  the  growth  temperature,  a  nearly  strain-free  condition  at  room  temperature 
indicates  good  thermal  expansion  matching  between  GaN  and  ZrB2,  as  discussed  above.  Figure  6  shows  XRD  pole- 
figure  measurements  for  (a)  GaN  (1-104)  diffraction  and  (b)  ZrB2  (1-103)  diffraction.  The  six-fold  rotational  symmetry 
peaks  are  clearly  observed  for  both  cases.  The  in-plane  rotation  angles  (4»)  for  GaN  (1-104)  and  ZrB2  (1103)  diffraction 
are  the  same.  This  clearly  indicates  the  epitaxial  relationship  of  a-axisGaN//a-axisZrB2  ([l-100]GaN  //  [  1  ~100]ZrB2)- 


e//[1120lGaN 


Figure  4.  RHEED  pattern  from  1.4  pm-thick  GaN  layer  grown  on  ZrB2  (0001)  substrate.  Arrow  head-like  spot  pattern 
for  hexagonal  GaN  is  observed,  indicating  rough  and  faceted  surface. 


— ' — i — » — i — • — r 

•XRD  20  scan 

— i — i — i — i — i — 

GaN/ZrB2  (0001)- 

c 

detector:  open  slit 

D 

JQ 

ZrB2 

03 

(0001) 

ZrB2 

■ 

(0002) 

‘<0 

C 

- 

GaN 

- 

CD 

JZ 

- 

(0002) 

i 

GaN 

JL  ■ 

(0004) 

— - 1 - - - 1 — - 

20  30  40  50  60  70  80 

20  (degree) 


Figure  5.  X-ray  diffraction  20-scan  of  GaN/ZrB2 
(0001 )  with  open  detector  slit  condition.  FWHM  of  GaN 
diffraction  is  about  2-times  larger  than  that  of  ZrB2. 


Figure  6.  X-ray  diffraction  pole  figure  measurement  of 
MBE-grown  GaN  on  ZrB2  (0001)  substrate,  (a)  for  GaN 
(1-104)  diffraction  and  (b)  for  ZrB2  (1-103)  diffraction. 
The  epitaxial  relationship  is  illustrated  in  (c). 


In  the  case  of  directly  grown  AIN,  the  RHEED  pattern  was  spotty  at  the  beginning  of  growth  but  changed  to  streaky 
gradually  through  the  growth.  After  3-h  growth  (thickness  of  0.9  pm),  the  RHEED  pattern  became  sharp  and  streaky  as 
shown  in  Fig.  7.  XRD  measurements  revealed  that  the  epitaxial  relationship  is  the  same  as  that  of  GaN/ZrB2.  Therefore, 
the  same  epitaxial  relationship  is  expected  for  all  AlxGai_xN  alloys  regardless  of  composition. 

GaN  layers  directly  grown  on  ZrB2  have  a  rough  surface  as  shown  in  Fig.  8  (a)  and  poor  crystal  quality.  For  instance, 
the  layer  exhibits  a  broad  and  weak  PL  spectrum  as  shown  in  Fig.  9(a).  The  peak  located  at  the  highest  energy,  3.471 
eV,  can  be  assigned  to  excitonic  emission  from  hexagonal  GaN  (h-GaN).  The  emission  located  at  3.269  eV  originates 
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from  excitonic  emission  from  cubic  GaN  (c-GaN)[16].  Broad  emissions  located  at  3.42  eV  and  3.34  eV  are  related  to 
extended  defects  [17,18.19].  In  addition,  the  commonly  observed  yellow  luminescence  is  observed  around  2.2  -  2.3  eV. 

In  an  attempt  to  improve  the  crystal  quality,  direct  growth  of  GaN  at  an  elevated  temperature  was  investigated.  The 
growth  was  carried  out  at  850°C  using  various  Ga  fluxes  with  a  fixed  N*  flux  condition.  In  experiments  on  sapphire 
substrates  at  the  same  temperature,  GaN  growth  was  observed  for  all  values  of  the  Ga  flux.  However,  for  ZrB2 
substrates  no  growth  was  observed  even  under  a  slightly  Ga-rich  condition.  Growth  occurred  only  under  a  strongly  Ga- 
rich  condition.  This  indicates  that  nucleation  of  GaN  on  ZrB2  is  very  difficult  at  this  temperature. 

The  RHEED  pattern  from  the  layer  grown  under  excess  Ga  supply  was  spotty  all  throughout  the  growth,  which 
suggests  three-dimensional  growth  of  h-GaN.  Each  spot  is  diffuse  and  its  intensity  is  much  weaker  than  that  of  medium- 
temperature  (750°C)  growth  mentioned  previously.  From  SEM  observations  of  this  layer  (not  shown),  pillar  (or 
whisker)-like  growth  of  GaN  is  observed.  It  is  thought  that  too  much  excess  Ga  results  in  such  an  abnormal  growth 
mode. 

Figure  9  (b)  shows  a  low-temperature  PL  spectrum  from  the  layer  grown  at  850°C.  Compared  to  the  medium- 
temperature  case  shown  in  Fig.  9  (a),  each  emission  peak  becomes  sharp  and  the  peak  intensity  inci  eases  greatly.  Two 
emissions,  an  excitonic  emission  from  h-GaN  located  at  3.475  eV  and  a  defect-related  emission  located  at  3.41 8eV  are 
dominant.  The  excitonic  emission  from  c-GaN  becomes  much  weaker. 

The  increase  of  growth  temperature  in  the  direct  growth  results  in  the  improvement  of  optical  quality  but  deterioration 
of  surface  morphology.  These  results  indicate  that  it  is  impossible  to  obtain  a  high-quality  GaN  layer  by  the  direct 
growth. 


e  //  [1 1  20]ain 


Figure  7.  RHEED  pattern  from  0.9  pm- thick  AIN  layer  grown  on  ZrB2  (0001)  substrate.  Sharp  streak  pattern  of  AIN 
is  observed,  indicating  smooth  surface. 


Figure  8.  SEM  images  of  GaN  layers  grown  (a)  directly  on  ZrB:  substrate  and  (b)  by  two-step  procedure. 
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Figure  9.  16  K  PL  spectra  for  (a)  direct  growth  at  a  medium  temperature,  (b)  direct  growth  at  a  high  temperature,  (c) 
low-temperature  grown  buffer  layer,  and  (d)  two-step  growth. 

3.4  Two-step  growth  process 

To  control  the  initial  nucleation,  low-temperature  (LT)-grown  GaN  buffer  layers  were  investigated.  Amorphous  or 
poly-crystalline  LT-grown  layer  should  not  be  used  in  the  case  of  ZrB2,  because  such  highly  defective  nucleation  layers 
would  prevent  transfer  of  the  substrate  lattice  constants  to  the  main  epilayer.  After  thermal  cleaning,  a  GaN  layer  was 
grown  at  500°C  for  3  min.  Just  after  starting  the  growth,  a  sharp  and  intense  streak  pattern  appeared,  indicating  epitaxial 
growth  of  a  well-oriented  crystalline  layer  with  a  flat  surface.  The  thickness  was  around  30  nm.  From  SEM 
observations,  most  of  surface  is  flat  but  some  hillocks  were  observed,  which  may  originate  from  defects  (small  bumps) 
on  the  as-received  substrate.  From  AFM  measurements,  the  root-mean-square  (rms)  roughness  for  the  area  without 
hillocks  was  evaluated  to  be  less  than  1  nm. 

Figure  9  (c)  shows  low-temperature  PL  from  the  buffer  layer.  Due  to  the  very  low  film  thickness  and  a  low  growth 
temperature,  the  PL  intensity  is  quite  weak.  Two  broad  peaks  located  at  3.27  eV  and  3.47  eV  are  observed,  indicating 
the  LT-grown  buffer  layer  is  a  mixture  of  c-GaN  and  h-GaN.  It  is  consistent  with  an  earlier  study  that  found  a  low- 
temperature  and  Ga-rich  growth  condition  resulted  in  the  growth  of  c-GaN  in  plasma-assisted  MBE  [20]. 

A  GaN  layer  was  grown  at  800°C  on  the  buffer  layer  mentioned  above.  By  optimizing  the  III/V  ratio,  a  streaky 
RHEED  pattern  could  be  achieved  all  throughout  the  growth.  The  SEM  images  are  shown  in  Fig.  8  (b).  The  GaN  layer 
grew  as  a  continuous  film.  The  surface  is  still  rather  rough  but  the  rms  roughness  measured  by  AFM  was  much 
improved  compared  to  that  of  directly  grown  GaN.  Figure  9  (d)  shows  a  PL  spectrum  from  the  layer.  The  peak  intensity 
is  50  times  larger  than  that  of  the  directly-grown  layer.  The  defect-related  emissions  are  strongly  suppressed  and  only 
excitonic  emission  from  h-GaN  becomes  dominant.  It  should  be  noted  that  the  3.418  eV  emission  still  exists  as  a 
shoulder  of  the  excitonic  emission.  Optimization  of  the  growth  conditions  and  the  thickness  of  the  buffer  layer  will  be 
required  to  eliminate  the  shoulder. 

Since  nominally  undoped  GaN  grown  in  our  MBE  system  exhibited  n-type  conductivity,  the  origin  of  excitonic 
emission  is  thought  to  be  donor-bound  exciton  transitions.  The  peak  energy  of  the  emission  from  the  grown  layer  (3.473 
eV  for  two-step  growth)  is  larger  than  that  of  free-standing  bulk  GaN  (3.471  eV)  [21],  but  smaller  than  that  of  GaN 
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grown  on  sapphire  (typically  3.480  eV  for  1  pm-thick  GaN).  It  indicates  that  the  layer  on  ZrB2  undergoes  much  weaker 
compressive  stress  compared  to  that  grown  on  sapphire. 

The  polarity  of  the  GaN  layer  was  assessed  by  etching  in  KOH  solution.  Ga-polarity  surface  is  resistant  but  the  N- 
polarity  surface  is  rapidly  etched  by  this  solution.  SEM  images  after  KOH  etching  are  shown  in  Fig.  10.  Ga-polarity  and 
N-polarity  GaN  domains  coexist  together  on  a  length  scale  of  microns.  This  suggests  that  small  fluctuations  in  the  lmttal 
stage  of  growth  and/or  substrate  surface  inhomogeneity  or  contamination  may  affect  the  polarity  of  GaN  grown  on 
ZrB2.  At  the  very  least  uniform  polarity  (and  preferably  Ga-polarity)  is  required  for  typical  device  applications.  Control 
of  the  substrate  surface  and  the  initial  stages  of  growth  are  essential. 


Figure  10.  SEM  image  of  GaN  layer  on  ZrB2  after  KOH  solution  etching.  Some  parts  of  the  surface  were  etched  off, 

indicating  coexistence  of  Ga-polar  and  N-polar  GaN  domains. 


4.  SURFACE  TREATMENT  OF  SUBSTRATE 

Heteroepitaxial  growth  of  GaN  and  AIN  were  presented  in  the  previous  section.  The  epitaxial  relationship  and  the 
effect  of  a  two-step  growth  procedure  using  a  LT-grown  GaN  nucleation  layer  were  confirmed.  However,  the  epilayer 
quality  was  insufficient  for  device  applications.  One  possible  reason  for  this  is  thought  to  be  the  presence  of 
contaminants  on  the  ZrB2  surface  prior  to  growth.  In  fact,  the  RHEED  pattern  from  the  ZrB2  surface  aftei  theimal 
cleaning  at  1000°C  in  the  MBE  chamber  was  faint  compared  to  that  from  subsequently  grown  GaN  layers,  indicating 
insufficient  cleaning.  Although  flash  annealing  at  1830°C  was  shown  to  yield  a  clean  ZrB2  surface  [22,23],  such  high 
temperatures  are  not  accessible  in  standard  MBE  systems.  In  this  section,  characterization  of  ZrB2  surfaces  by  XPS  and 
RHEED  and  various  techniques  for  surface  cleaning  were  discussed.  MBE  growth  of  GaN  was  also  earned  out  to 
evaluate  these  new  cleaning  methods. 

4.1  Characterization  of  as-received  substrate 

XPS  spectra  from  an  as-received  substrate  without  thermal  cleaning  were  measured.  Besides  Zr  and  B,  C  and  O  were 
also  detected.  After  in-situ  500°C  thermal  cleaning  the  C  signal  disappeared,  indicating  that  C  exists  mainly  in  the  form 
of  adsorbates  such  as  hydrocarbons  or  carbon  oxides.  On  the  other  hand,  the  O  Is  peak  remained  even  after  thermal 
cleaning  at  1000°C,  indicating  that  O  forms  a  stable  compound  after  reaction  with  ZrB2.  Figure  11  (a)  shows  the  XPS 
spectra  from  ZrB,  after  in-situ  1000°C  thermal  cleaning  of  Zr  3d1/2,  Zr  3d5/2  and  B  Is  peaks.  The  Zr  3d5/2  peak  split  into 
two  peaks.  178.5_eV  and  182.7eV.  (The  Zr  3dw  split  into  two.  as  well.)  Reported  values  for  metal  Zr  and  Zr02  are 
178.3  eV  and  182.2  eV,  respectively.  The  peak  with  larger  binding  energy  (as  indicated  by  arrows)  agrees  with  the  value 

expected  for  Zr(X  . 

Figure  12  (a)  shows  the  RHEED  pattern  after  thermal  cleaning  at  1000°C.  A  spotty  pattern  appeared  superimposed  on 

a  faint  streak  pattern  (the  latter  is  difficult  to  see  in  the  figure).  Since  the  spacing  (=  in-plane  lattice  constant)  of  the  faint 
streak  pattern  is  almost  the  same  as  that  of  GaN.  the  faint  streaks  must  correspond  to  the  ZrB2  crystal.  The  spotty  pattern 
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corresponds  to  a  twinned  cubic  crystal  with  calculated  lattice  constant  lattice  -5.1  A  (14%  smaller  than  that  expected  for 
ZrB2),  in  agreement  with  values  reported  for  cubic  Zr02.  XPS  and  RHEED  analysis  clearly  indicate  the  existence  of  a 
Zr02  surface  layer. 


Binding  Energy  (eV) 


(a)  thermal  cleaning 


(b)  Ar+  sputtering  +  thermal  cleaning 


(c)  HF-treatment  +  thermal  cleaning 


Figure  11.  XPS  from  ZrB2  substrates,  (a)  substrate  with 
thermal  cleaning,  (b)  with  Ar+  sputtering  and  (c)  with 
HF-treatment  and  thermal  cleaning.  Zr  3d  peaks  split  into 
two,  indicating  two  different  Zr  compounds,  ZrB2  and 
Zr02  exist  at  the  surface. 


Figure  12.  RHEED  patterns  from  ZrB2  substrates  after 
thermal  cleaning,  (a)  as-received,  (b)  Ar+  sputtered  and 
(c)  HF-treated  substrates. 


3.2  Ion  sputtering  cleaning 

2  keV  Ar+  sputtering  was  carried  out  to  remove  the  surface  layer.  After  sputtering,  the  Zr  3d  peaks  associated  with 
Zr02  disappeared  as  shown  in  Fig.  11  (b).  The  peaks  with  smaller  binding  energy  can  therefore  be  attributed  to  ZrB2.  It 
should  be  noted  that  there  is  almost  no  chemical  shift  for  Zr  in  ZrB2.  The  O  Is  peak  became  much  weaker  but  still  exists 
even  after  prolonged  sputtering.  One  possible  explanation  is  re-oxidization  due  to  insufficient  XPS  chamber  background 
pressure  and/or  the  purity  of  the  sputtering  gas.  Figure  12  (b)  shows  the  RHEED  pattern  after  sputtering.  The  spotty 
pattern  disappeared  and  a  ZrB2  streak  pattern  was  clearly  observed.  Thermal  annealing  after  sputtering  did  not 
significantly  alter  the  RHEED  pattern.  Thus  Ar+  sputtering  may  be  an  effective  surface  treatment  method.  Surface 
damage  due  to  ion  bombardment  is  not  obvious  from  the  RHEED  analysis,  but  nevertheless  a  gentler  process  such  as 
wet  chemical  treatment  might  be  preferable.  Moreover,  Ar+  sputtering  is  not  available  in  all  MBE  systems. 

3.3  Chemical  treatment 

Three  different  solutions,  KOH,  H2S04,  and  HF  were  examined.  Surface  oxides  comparable  to  those  on  as-received 
ZrB2  were  detected  for  the  KOH-  and  H2S04-treated  substrates.  On  the  other  hand,  HF  treatment  had  a  significant 
effect.  XPS  analysis  for  HF-treated  substrates  was  carried  out.  To  remove  surface  adsorbates  (mainly  water  vapor),  the 
substrate  was  thermally  cleaned  before  the  measurement.  The  intensity  of  the  O  Is  peak  after  HF  treatment  was  greatly 
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reduced  versus  the  as-received  substrate,  and  was  comparable  to  that  of  the  Ar+  sputtered  substrate.  As  shown  in  Fig.  1 1 
(c),  no  splitting  was  observed  for  the  Zr  3d  peak  (only  Zr  3d  bounded  to  B  was  observed.)  Judging  from  the  XPS  results, 
HF  treatment  has  the  almost  same  effect  as  Ar+  sputtering.  The  RHEED  pattern  for  the  HF-treated  substrate  after 
thermal  cleaning  at  1000°C  is  shown  in  Fig.  12  (c).  A  sharp  and  intense  streak  pattern  was  evident.  Compared  to  Ar+ 
sputtering,  wet  processes  are  gentler  and  should  result  in  better  crystalline  quality  at  the  surface. 

3.4  Growth  of  GaN  on  the  treated  ZrB2  surface 

To  evaluate  the  effect  of  substrate  treatment.  GaN  epilayers  were  grown  on  as-received  and  HF-treated  substrates 
with  the  same  growth  parameters.  For  both  substrates,  thermal  cleaning  at  1000°C  for  30  min  was  performed  just  before 
the  growth.  The  epilayers  were  grown  by  a  two-step  procedure  as  described  above.  Figure  13  shows  the  16  K 
photoluminescence  spectra  for  two  epilayers.  GaN  grown  on  the  HF-treated  substrate  exhibited  at  least  20  times  higher 
luminescence  intensity  and  reduced  defect-related  emission,  clearly  indicating  the  better  crystalline  quality  achieved 
with  optimal  substrate  preparation.  Note  that  the  MBE  growth  conditions  used  in  this  experiment  have  been  optimized 
using  as-received  substrates  possessing  significant  native  oxide  layers.  However  when  using  HF-treated  substrates  the 
optimal  growth  conditions  may  be  different,  since  suitably  prepared  substrates  are  largely  free  of  oxides  and  have 
compositions  approaching  stoichiometric  ZrB2.  Further  optimization  of  the  MBE  growth  process  is  expected  to  yield 
superior  GaN  epilayers. 


Figure  13.  16  K  PL  spectra  of  GaN  layers  grown  by  two-step  procedure  on  (a)  as-received  substrate  and  (b)  HF-treated 
substrate.  GaN  grown  on  HF-treated  substrate  exhibits  at  least  20  times  more  intense  luminescence. 


5.  CONCLUSION 

In  this  paper,  properties  of  electrically  conductive  ZrB:  were  reviewed.  Perfect  lattice  matching  to  Alo.25Gao.75N  and 
thermal  expansion  coefficient  matching,  good  thermal  conductivity  and  cleavage  make  the  compound  very  attiactive  as 
a  substrate  for  GaN-based  LDs.  Heteroepitaxial  growth  of  GaN  and  AIN  on  the  substrate  by  MBE  was  described.  The 
epitaxial  relationship  a-axis„,.N//a-axisZl.B2  assures  that  lattice  matching  is  in  fact  achieved  and  that  cleavage  of  ZrB2  can 
be  applied  for  cavity  formation.  However,  it  was  also  revealed  that  difficulties  in  initial  nucleation  of  III-N  on  ZrB2 
resulted  in  a  rough  growth  surface  and  inferior  crystalline  quality.  A  two-step  growth  procedure  using  epitaxial  low- 
temperature-grown  GaN  as  an  initial  nucleation  layer  was  proposed.  Characterization  of  the  surface  condition  of  the 
ZrB:  substrate  by  XPS  and  RHEED  suggests  the  existence  of  ZrO:  at  the  surface.  It  was  found  that  the  native  oxide  can 
be  removed  by  Ar+  sputtring  or  etching  in  HF  solution.  The  HF  treatment  resulted  in  improvement  of  the  GaN 
crystalline  quality. 

However,  the  crystalline  quality  of  GaN  grown  on  ZrB;  is  still  inferior  compared  to,  for  example,  GaN  grown  on  SiC 
using  the  same  MBE  system.  In  the  case  of  heteroepitaxy  of  Ill-nitrides  on  SiC,  precise  control  of  the  SiC  surface  is  a 
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key  to  realize  high  quality  epitaxial  growth  [24,25].  In  this  sense,  surface  control  of  ZrB2  has  much  room  for 
improvement.  Recently,  interesting  theoretical  calculations  were  reported  by  Iwata  et  al[ 26],  which  emphasized  that 
precise  control  of  the  ZrB2  surface  and  ZrB2/GaN  interface  is  essential  to  control  the  polarity  of  grown  layers.  III-N 
growth  processes  on  ZrB2  must  still  be  further  optimized  to  fully  exploit  the  benefits  of  this  novel  substrate. 
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ABSTRACT 

Properties  of  InGaN/GaN  multiple-quantum- well  (MQW)  light-emitting  diodes  (LEDs)  grown  by  MOCVD  on  sapphire 
substrates  are  investigated  over  a  temperature  range  from  290  to  340  K.  Two  types  of  wafers  are  used  to  fabricate  the 
devices',  one  with  Mg  dopants  in  p-type  epilayers  pre-activated  in  N2  ambient  for  4  min  at  800  °C,  and  the  other  as- 
grown,  without  any  pre-activation  of  Mg  acceptors.  Measured  specific  resistances  ofp-side  contacts  are  1.49x10 4  Gem 
for  contacts  on  pre-activated  samples  annealed  at  650  °C  for  4  min,  and  1.55x10  Qcm  for  contacts  on  as-grown 
samples  annealed  at  600  °C  for  30  min.  Based  on  the  specific  contact  resistance  experiments,  interdigitated  LEDs  are 
fabricated  using  either  the  standard  annealing  procedures  (separate  annealings  for  p-type  conduction  activation  and  for 
ohmic  contact  formation)  or  a  single-step  annealing  process  (simultaneous  annealing  for  activation  ofp-type  conduction 
and  for  ohmic  contact  formation),  hi  devices  fabricated  using  the  standard  annealing  procedures,  the 
electroluminescence  (EL)  peak  position  at  300  K  is  at  2.379  eV  (-521.3  nm)  and  the  full  width  at  half  maximum 
(FWHM)  is  -132  meV,  while  in  devices  fabricated  using  a  single-step  annealing,  the  EL  peak  position  shows  a  red  shift 
by  -10  meV  without  affecting  the  FWHM.  Over  the  entire  voltage  range  up  to  4  V,  tunneling  is  the  dominant  carrier 
transport  mechanism.  The  operating  voltage  is  comparable  in  both  types  of  LEDs,  and  the  output  power  of  LEDs 
fabricated  using  the  single-step  annealing  process  is  somewhat  improved. 

Keywords:  Wide-bandgap  group-III  nitrides,  green  light  emission.  InGaN/GaN  heterostructure,  interdigitated  LEDs 

1.  INTRODUCTION 

Group-III  nitrides  are  the  most  important  materials  for  solid-state  sources  of  UV  and  short-wavelength  visible  light. 
InGaN  quantum  wells  are  used  as  active  medium  in  blue  and  green  light  emitting  diodes  (LEDs)  and  diode  lasers 
[Nakamura  1995],  [Nakamura  2000].  These  light  sources  can  be  applied  for  color  displays,  traffic  signals,  indicators,  etc. 
They  are  compact,  effective  and  display  high-speed  performance.  Commercial  LEDs  manufactured  by  the  industry 
leader  Nichia  Chemical  Industries  demonstrate  overall  room-temperature  efficiencies  of  5-10  %.  Most  of  these  devices 
are  fabricated  by  epitaxial  growth  on  strongly  lattice-mismatched  sapphire  substrates.  Consequently,  threading 
dislocation  densities  are  extremely  high  (108  —  1010  cm'2).  Nonetheless,  this  is  not  an  obstacle  for  high  external  efficiency 
of  emission,  even  though  dislocations  have  been  shown  to  act  as  nonradiative  recombination  centers  in  group-III  nitride 
materials  [Sugawara  1998],  [Hino  2000],  For  further  progress  in  the  application  of  nitride-based  devices  in  lighting, 
illumination  and  communication,  it  will  be  important  to  improve  the  material  quality  and  to  overcome  the  limitation  of 
relatively  small  emitting  area  in  Nichia-type  LEDs. 

The  surface-emitting  design  of  LEDs  implies  light  penetration  through  the  electrode  regions.  In  order  to  keep  optical 
losses  low,  semi-transparent  p-side  electrodes  are  typically  used.  Such  electrodes  do  not  allow  to  scale  up  the  emitting 
area  because  of  associated  increase  in  the  lateral  resistance  for  current  spreading,  resulting  in  significant  current 
crowding.  The  latter  phenomenon  is  known  to  be  a  contributing  factor  in  the  device  degradation  [Barton  1998].  An 
interdigitated  configuration  has  been  investigated  as  an  alternative  version  of  LED  design  [Guo  2001],  [Kim  2002], 
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[Chitiiis  2002].  Some  power  performance  improvement  was  demonstrated  [Kim  2002],  and  power  saturation  was 
observed  to  occur  at  higher  driving  currents  [Chitnis  2002]. 

In  this  paper,  we  present  results  of  fabrication  and  characterization  of  interdigitated  LEDs  with  increased  area  of  surface 
emission  (4x0.443  mm2),  operating  in  green  spectral  region  (peak  wavelength  -520  nm).  We  compare  two  types  of 
structures  fabricated  using  different  activation  and  processing  procedures.  One  type  is  fabricated  using  routine 
processing  of  pre-activated  wafers  (4-min-long  thermal  annealing  at  800  °C)  and  another  type  is  processing  of  as-grown 
wafer  with  combined  activation  and  contact  annealing  (30-min  long  annealing  at  600  °C).  It  will  be  shown  that  '‘one-step 
annealing”  leads  to  satisfactory  results;  therefore,  it  is  possible  to  exclude  the  preliminary  acceptor  activation  step. 

2.  SAMPLE  GROWTH  AND  FABRICATION 


85-nmp-GaN  (5xlOI7cm‘3) 


25-nm p-AlvGa,_.YN  (lxlO17  cm'3,  ,v=0.15) 


4x  2-nm  undoped  InGaN 

12.5-nm  GaN:Si  (lxlO16  cm'3) 


1.5-Htn  w-GaN  (3xl018  cm'3) 


2- pm  undoped  GaN 


30-imi  GaN  buffer 


(0001)  sapphire 


Fig.  1.  Structures  of  multiple  quantum  well  wafers 
used  for  green-LED  fabrication.  The  barrier  was 
slightly  doped  with  Si. 


High  resolution  X-ray  diffraction  (HRXRD)  was 
performed  with  a  K^l  radiation  as  an  excitation 
line  to  estimate  the  alloy  composition  and  to 
analyze  the  crystalline  quality.  PL  mapping  at  RT 
was  used  to  determine  the  bandgap  of  materials 
and  the  corresponding  variation  in  composition. 
The  indium  and  aluminum  compositions  were 
estimated  based  on  the  lattice  constant  and  the 
bandgap  energy  measured  using  HRXRD  and  UV- 
PL.  Atomic  force  microscopy  (AFM)  was  used  to 
verify  the  surface  morphology  and  density  of 
threading  dislocations.  RT  Lehighton  and  Hall 
measurements  were  performed  to  investigate  the 
electrical  properties  of  the  layers. 


InGaN/GaN  heterostructures  were  grown  on  (0001)  sapphire  by 
MOCVD.  TMGa,  TMA1,  TMIn,  and  NH3  were  used  as  the  source 
precursors  for  Ga,  Al,  In,  and  N,  respectively.  SiLL*  was  used  for  n- 
type  doping  and  Cp2Mg  was  used  for  p- type  doping.  First  of  all, 
30-nm-thick  GaN  buffer  layers  were  grown  on  sapphire  at  525  °C 
(500  Torr)  followed  by  2-pm-thick  undoped  GaN  and  1.5-pm- 
thick  heavily  doped  n-type  GaN:Si  at  1080  °C  (200  Torr),  in  which 
their  electron  concentration  was  5xl018  cm"3.  InGaN/GaN 
heterostructures  were  used  for  quantum  wells  and  barriers.  Four 
quantum  wells  consisted  of  with  2-nm-thick  undoped  InYGai..YN 
(x=2S  %)  at  730  °C  (100  Torr)  and  9-nm-thick  slightly  Si-doped 
GaN  at  800  °C  (100  Torr),  where  its  electron  concentration  was 
lxlO16  cm"3.  Electron  blocking  layer  of  25-nm  AlvGaKYN:Mg  layer 
(x=  15  %)  was  grown  at  980  °C  (200  Torr),  and  85-nm-thick  Mg- 
doped  GaN  contact  layers  for  green  sample  were  grown  at  980  °C 
(200  Torr),  where  their  hole  concentrations  was  5xl017  cm"3. 
Schematic  illustration  of  MQW  diode  structure  is  shown  in  Fig.  1. 


Annealing  time  [min] 


Fig.  2.  Specific  contact  resistances  as  a  function  of  annealing 
time  for  various  temperatures.  The  samples  were  annealed  in 
furnace  in  N2  ambient. 
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Specific  contact  resistances  were  measured  from  activated  and  non-activated  samples.  10-nm  Ni/100-nm  Au  were 
deposited  on  both  samples  by  e-beam  evaporator.  Specific  contact  resistance  was  obtained  1.49xl0'4  Cl  cm2  at  650  °C  for 
4  min  in  N-,  ambient  from  the  activated  sample.  The  lowest  value  of  specific  contact  resistance  from  one  step  annealing 
at  600  °C  for  30  min  in  N2  ambient  is  1.55x1  O'5  Cl  cm2,  which  is  about  10  times  lower  than  that  of  the  activated  sample 
annealed  at  650  °C  for  4  min.  Thus  the  optimal  condition  for  the  lowest  specific  contact  resistance  with  one-step 
annealing  process  is  at  600  °C  for  about  30  min.  as  shown  in  Fig.  2. 

The  Gp6-12-2  sample  was  prepared  without  pre-activation  of  Mg-dopant  in  p-type  materials  and  interdigitated  LEDs 
were  fabricated  with  single-step  annealing  processes:  activation  of  Mg  dopant,  and  n-  and  />side  ohmic  contact 
formation  were  all  accomplished  by  a  single  annealing  process  at  600  °C  in  N2  ambient.  Prior  to  metal  deposition,  the 
Gp5-4-2  sample  was  pre-activated  by  annealing  at  800  °C  for  4  min  in  N2  ambient  in  order  to  induce  p- type  conductivity. 
Subsequently,  interdigitated  LEDs  were  fabricated  according  to  specific  contact  resistance  experiments:  n-  and  p-ohmic 
contacts  annealed  at  650  °C  for  4  min  in  N2  ambient.  The  basic  dimensions  of  interdigitated  devices  are  shown  in  Fig.  3. 


n-electrode  mesa 


p-electrode 


Fig.  3.  Schematic  drawing  of  an  interdigitated  LED.  Die  Ni/Au  contacts 
are  deposited  on  the  p-side  mesas,  while  the  Ti/Al/Pt/Au  contacts  are 
deposited  on  the  /7-side  exposed  by  etching.  Die  actual  size  of  the 
interdigitated  device  is  443  x  4000  pnr. 


0.9-pm-deep  mesas  were  etched  using  inductively  coupled  plasma  (ICP)  with  Ar  and  Cl2  gases.  The  Ni/Au  p-side  ohmic 
contact  was  then  deposited  on  top  of  the  mesa.  Subsequently,  Ti/Al/Pt/Au  n-side  ohmic  contacts  were  deposited.  The 
devices  were  then  annealed  at  650  °C  for  4  min  for  Gp5-4-2  sample,  and  annealed  at  600  °C  for  30  min  for  Gp6-12-2 
sample.  Ti/Au  pads  were  deposited  for  wire  bonding.  All  metals  were  deposited  in  electron-beam  evaporator. 

The  backside  of  sapphire  in  the  samples  was  polished  with  diamond  lapping  films  of  particle  sizes  ranging  from  3  pm  to 
0.5  pm.  For  the  mirrors  (for  the  reflection  of  light),  1-nm  Cr/200-nm  Al/50-nm  Ni  metal  films  were  deposited  on  the 
sapphire.  The  samples  were  mounted  on  copper  plates  by  soldering.  Gold  wire  bonding  was  performed  from  Ti/Au  n- 
and  p-pads  on  the  samples  to  Ti/Au  coated  semi-insulating  GaAs  pads  on  the  copper  plates.  Electroluminescence  (EL) 
spectra  were  measured  from  the  edge  of  the  green  LEDs  with  a  CVI  spectrometer.  DK  480,  and  a  cooled  GaAs 
photomultiplier.  The  output  power  of  the  green  LEDs  was  detected  from  GaN  topside  with  a  Newport  optical  power- 
meter,  model  1830-C.  Current-voltage  characteristics  were  measured  by  HP  4140B  picoammeter. 

3.  EXPERIMENTAL  RESULTS 

EL  spectra  of  4  mm  lone,  interdigitated  LEDs  between  290  and  340  K  are  shown  in  Fig.  4.  Peak  position  of  Gp5-4-2  is 
at  -2.379  eV  (-521  nm),  and  full  width  at  half  maximum  is  -132  meV  at  300  K,  respectively;  while  peak  position  of 
group  Gp6-12-2  is  at  -2.388  eV  (-519  nm).  and  full  width  at  half  maximum  is  -134  meV  at  300  K.  Peak  position  of 
LEDs  annealed  at  600  °C  for  30  min  is  higher  than  those  annealed  at  650  °C  for  4  min.  This  might  be  related  to 
redistribution  of  indium  during  annealing  process.  The  peak  position  of  each  LED  is  dependent  on  the  dimension  of  p- 
contact  area,  which  means  peak  position  depends  on  the  current  density.  As  increase  pumping  rate,  the  peak  position 
shift  towards  higher  energy  side. 

As  temperature  increases  from  290  to  340  K.  the  spectral  peak  of  EL  red-shifts  monotonically,  and  the  FWHM  increases 
(see  Fig.  5).  The  spectral  shift  is  resulted  by  temperature-induced  band-gap  shrinkage.  Notice  that  spectral  peak  position 
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of  sample  Gp6-12-2  remains  larger  by  ~10  meV  than  that  of  sample  Gp5-4-2  in  whole  temperature  range.  The  difference 
between  these  samples  is  caused  by  different  thermal  treatment  (there  was  a  rapid  high-temperature  annealing  in  sample 
Gp5-4-2).  Usually,  thennal  annealing  of  quantum-well  structures  leads  to  intermixing  that  accompanied  with  blue  shift 
of  spectral  peak.  It  occurs  due  to  some  decrease  of  the  average  indium  content  during  QW-intermixing.  We  see  that  it  is 
not  the  case  in  sample  Gp5-4-2.  According  to  the  band-tail  model  [Eliseev  1997a],  the  peak  position  in  InGaN  depends 
not  only  on  average  alloy  composition  but  also  on  the  band-tail  energy  parameter  a.  The  latter  is  associated  with 
fluctuations  of  indium  content  and  correlated  with  average  indium  content.  We  have  to  emphasize  that  the  thermal 
annealing  in  green-emitting  InGaN-based  QW  structures  is  a  more  complicated  process  than  the  QW  intermixing  in 
typical  m-V  alloys,  such  as  InGaAs.  The  point  is  that  annealing  in  the  unstable  alloy  (in  the  immiscibility  gap)  is 
accompanied  with  segregation  of  alloy  components  rather  than  their  intermixing.  When  segregation  in  the  alloy  occurs, 
some  indium-rich  clusters  can  accumulate  more  indium,  and  their  energy  position  shifts  to  lower  energy.  This  could  be  a 
tentative  explanation  of  the  observed  spectral  difference.  Such  a  hypothesis  should  be  verified  by  additional  experiments. 
A  this  point,  there  is  no  other  evidence  for  this  explanation.  The  difference  in  the  FWHM  is  rather  small  to  compare  (see 
Fig.  5).  The  bandwidth  is  dependent  on  temperature:  therefore,  it  exceeds  the  inhomogeneous  bandwidth,  associated  with 
the  parameter  a.  The  temperature  dependence  of  the  bandwidth  is  produced  by  increase  of  the  homogeneous  component 
of  broadening  that  is  associated  with  collisional  relaxation  (due  to  involvement  of  optical  phonons).  Usually,  this 
component  is  dominant  at  room  and  higher  temperatures. 


Fig.  4.  EL  spectra  of  4  mm  long-mterdigitated  green  LEDs  between  290  and  340  K. 


The  I-V  curves  illustrated  in  Fig.  6  can  be  interpreted  in  terms  of  two  series  resistors,  with  an  ohmic  series  resistance  of 
the  diode  Rs  and  a  nonlinear  resistance  of  the  p-n  junction  (plus  other  possible  depletion  regions,  if  any).  The  latter  can 
be  represented  by  a  simple  expression 

I(Vvn)  =  Isexp[eVpn/E(T}]  ,  (1) 

where  Vpn  is  the  junction  voltage,  7S  is  the  “saturation  current”  in  traditional  terminology,  e  is  the  electron  charge,  and 
E(T)  is  the  temperature-dependent  energy  parameter  replacing  the  traditional  term  nkBT  (where  n  is  the  ideality  factor,  kB 
is  the  Boltzmann  constant,  and  T  is  temperature). 

The  energy  parameter  E  has  different  values  in  three  regions:  below  0.6  V,  it  is  close  to  thennal  diffusion  transport  with 
n  =  2  (E  ~  0.0517  eV),  and  0.6-1. 7  V  and  above  1.7  V  regions,  it  indicates  tunneling  (£»0.0517  eV).  Tunneling  is  the 
dominant  transport  mechanism  in  LEDs  of  group-III  nitrides  [Eliseev  1997b],  [Franssen  2003],  [Perlin  1996].  One 
feature  of  tunneling  mechanism  is  that  the  slope  of  I-V  curves  is  independent  of  temperature  [Perlin  1996].  hi  the 
temperature  range  of  290-340  K,  the  slope  indeed  remains  constant. 

The  reverse-bias  current  of  4-mm-long  interdigitated  green  LEDs  for  both  groups  is  shown  in  Fig.  7.  The  perimeter  of 
interdigitated  LEDs  is  larger  than  that  of  Nichia  type  LEDs.  As  the  device  size  increases,  its  perimeter  is  proportional  to 
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its  size.  Thus,  in  the  case  of  interdigitated  LEDs  the  role  of  sidewalls  fabricated  by  dry  or  wet  etching  becomes  more 
important.  According  to  [Pemot  1998].  under  low  voltage  bias  of  different  perimeters  of  devices,  the  leakage  current  on 
the  etched  surface  of  p-n  junction  GaN  diodes  is  dominant  compared  to  the  current  leakage  through  the  volume  of 
devices.  However,  based  on  band-to-band  tunneling  current  in  reverse  bias  [Forrest  1980],  the  following  expression  can 
be  derived  [Eliseev  1997b]: 


Temperature  [K]  Temperature  [K] 


Fig. 5.  Spectral  peak  position  and  FWHM  of  4-mm  interdigitated  green  LEDs  are  calculated  from  the  EL  spectra  between  290  and 
340  K 


Fig.  6.  Current-voltage  characteristics  of  4-mm  interdigitated  green  LEDs  at  300  K.  I-  V  curves  of  group  Gp5  (a)  and  /-  V 
curves  of  group  Gp6  (b). 


4v(  V) =a[(  W]3/2ex  p[-6(  F+Fb)'1/2],  (2) 

where  a  and  b  are  fitting  parameters,  and  Vh  is  the  built-in  voltage.  Even  though  the  approximation  is  valid  only  above 
the  built-in  voltage,  the  f-V  curves  are  well  fitted  over  the  entire  range,  which  means  that  tunneling  is  also  a  dominant 
mechanism  under  the  reverse  bias.  The  built-in  voltage  Vb  may  be  associated  with  the  barrier  when  electrons  tunnel  into 
an  impurity  level  on  the  /7-side  and  recombine  with  holes  nonradiatively  [Eliseev  1997b].  The  built-in  voltages  are  0.407 
eV  for  Gp5-4-2  and  1.728  eV  for  Gp6-12-2,  respectively. 
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Diode  voltages  in  both  LEDs  are  monotonically  decreasing  with  temperature  rise,  as  shown  in  Fig.  8,  and  significant 
sensitivity  to  temperature  is  observed.  The  turn-on  voltages  are  -3.25  V  for  Gp5-4-2  and  -3.24  V  for  Gp6-12-2,  at  300 
K.  Diode  voltage  change  from  290  to  340  K  at  dc  driving  current  of  100  mA  is  from  4.847  to  4.4204  V  (-91.2  %)  for 
Gp5-4-2  and  from  4.885  to  4.451  (-91.1  %)  for  Gp6-12-2. 


Fie.  7.  Reverse  bias-current  characteristics  of  4-nini  lone  interdieitated  ereen  LEDs  at  300  K. 


<u 

O) 

ro 

1 


Green  LED  (Gp5-4-2. 4  mm) 
650  °C  lor  4  min 


50 

Current  [mA] 


290  K 

300 

310 

320 

330 

340 


Green  LED  (Gp6-12-2, 4  mm) 
*  600  °C  for  30  min 


£  4.2  [ 

§ 


50 

Current  [mA] 


290  K 
300  . 
310 
320 
330  ■ 
340 

_1 _ 


100 


Fig.  8.  Diode  voltages  of  interdigitated  green  LEDs  at  various  temperatures  are  drawn  as  a  function  of  driving  current. 


The  series  resistances  of  each  LED  were  calculated  from  I-V  curves,  i.e.,  from  plot  of  differential  resistance  of  7-K  curves 
versus  inverse  current,  series  resistance  corresponds  to  the  value  of  dV/dl  when  1/7  approaches  to  zero.  As  mentioned 
before,  the  specific  contact  resistance  of  p- side  ohmic  contact  is  dominant  in  series  resistance,  this  result  is  insistent  with 
previous  experiments.  The  junction  voltage  of  one-step  annealed  device  is  higher  than  that  in  regular  fabricated  one, 
compared  with  Figs.  8  and  9.  This  might  be  related  to  hole  concentration  on  the  p- side.  When  hole  concentration  is 
roughly  calculated  in  one-step  annealed  sample  (compared  with  a  pre-activated  sample),  it  is  obtained  about  2.7xl017 
cm'3,  which  is  almost  half  of  that  in  activated  sample  The  screening  effects  may  be  involved  with  tunneling.  Low 
concentration  of  holes  results  in  a  lower  probability  of  tunneling,  and  thus  causes  a  higher  junction  voltage. 

Output  powers  of  both  LEDs  are  illustrated  in  Fig.  10.  Output  power  of  Gp6-12-2  is  improved  (-5.6  %  at  290  K), 
compared  with  those  of  Gp5-4-2.  In  both  LEDs,  it  shows  superlinear  below  50  mA  and  sublinear  above  50  mA; 
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therefore,  maximum  external  quantum  efficiencies  are  at  ~50  mA.  With  temperature  rise,  power  changes  from  290  to 
340  K  at  driving  current  of  100  mA  are  75.7  %  for  Gp5-4-2  and  74.4  %  for  Gp6-12-2,  respectively. 
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Fig.  9.  Comparison  of  series  resistances  of  4-mrn  interdigitated 
LEDs. 


4.  CONCLUSIONS 

Specific  contact  resistance  of  samples  annealed  at  600  °C 
for  30  min  is  almost  10  times  lower  than  that  of  samples 
annealed  at  650  °C  for  4  min,  in  N2  ambient.  Based  on 
this  fact,  443x4000  pm2  interdigitated  green  LEDs  are 
fabricated.  When  characteristics  of  LEDs  fabricated  by 
one-step  annealing  process  are  compared  to  those  of 
LEDs  fabricated  by  the  standard  process,  spectral  peak 
position  shifts  ~  10  meV  towards  low  energy  side  and 
FWHM  is  comparable,  diode  and  junction  voltages  are 
higher,  output  power  is  improved.  Around  room 
temperature,  tunneling  is  dominant  over  the  entire  voltage 
range  up  to  4  V.  The  hole  concentration  can  influence 
operating  junction  voltage. 
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Fig.  10.  Relative  output  power  of  4-inni  interdigitated  green  LEDs  fabricated  by  two  different  annealing  processes. 
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Color-dependent  degradation  of  high-brightness  AlGalnP  LEDs 
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ABSTRACT 

Operation-induced  degradation  of  internal  quantum  efficiency  of  high-brightness  ( AlxGa1.x)o5lno5P  light-emitting 
devices  (LEDs)  is  analysed  experimentally  and  theoretically.  A  test  series  of  LEDs  was  grown  by  MOCVD  with 
identical  layer  sequence  but  different  Aluminum  content  x  in  the  active  AlGalnP  layer  resulting  in  devices  emitting  light 
between  644  nm  and  560  urn.  The  analysis  yields  the  wavelength  dependence  of  both  the  nonradiative  recombination 
constant  A  as  well  as  the  carrier  leakage  parameter  C  of  devices  before  and  after  aging.  While  test  devices  with  X>615 
nm  are  very  stable.  LEDs  with  shorter  emission  wavelengths  exhibit  both  an  increase  of  A  and  a  slight  decrease  of  C 
upon  aging.  Possible  degradation  mechanisms  are  discussed. 


Keywords:  light-emitting  devices,  device  reliability,  AlGalnP.  quantum  efficiency,  recombination  mechanisms 


1.  INTRODUCTION 

Hieh-briehtness  visible  light-emitting  devices  are  attracting  great  interest  for  a  number  of  applications  that  include 
automobile  lighting,  signs  and  liquid  crystal  display  backlighting  [1,2],  One  of  the  main  advantages  of  AlGalnP  LEDs 
besides  record  high  luminous  efficiency  in  the  red  to  yellowish-green  spectral  range  is  the  considerably  improved 
reliability  compared  to  competing  conventional  incandescent  bulbs.  This  fact  was  demonstrated  by  several  groups 
[1.3,4].  By  extrapolating  long-term  reliability  data,  lifetimes  of  more  than  100.000  hours  have  been  calculated. 
However,  highly  reliable  LED  operation  requires  a  profound  knowledge  about  epitaxial  growth,  chip  processing  and 
recombination  processes  occurring  during  operation  of  these  devices.  More  specifically,  a  detailed  understanding  of  the 
recombination  processes  such  as  nonradiative  recombination  or  carrier  losses  owing  to  leakage  and  their  change  upon 
agina  might  allow  a  separation  and  identification  of  different  degradation  mechanisms. 

Here  we  report  on  high-brightness  AlGalnP  LEDs  having  identical  layer  structure  but  different  Aluminum 
content  x  in  the  active  AlGalnP  layers.  The  direct  bandgap  (T)  and  indirect  bandgap  (X)  of  AlGalnP  lattice  matched  to 
GaAs  at  room  temperature  vary  linearly  with  x  [1], 

E(T)=  1.900 +  0.6  lx  (eV)  G) 

E  (X)=  2.204  +  0.085x  (eV)  (2) 

The  T-X  crossover  takes  place  for  x=0.58  resulting  in  a  useable  wavelength  range  for  light  emission  from  AlGalnP 
LEDs  between  550  nm  and  650  nm.  The  aging  behavior  of  a  test  series  of  LEDs  covering  this  available  wavelength 
range  is  found  to  be  strongly  wavelength-dependent.  Red  light  emitting  devices  are  very  stable  during  operation,  hi 
contrast,  LEDs  with  higher  Aluminum  content  and  orange  luminescence  show  a  pronounced  light  output  degradation. 
Further  increase  of  Aluminum  content  in  the  active  region,  however,  reduces  degradation  in  yellowish-green  LEDs. 

This  result  can  be  understood  by  comparing  measurements  of  the  external  quantum  efficiency  of  these  LEDs  as 
a  function  of  operating  current  and  junction  temperature  to  an  analytical  model  providing  quantitative  information  on 
internal  efficiency  and  loss  mechanisms  [5].  The  model  is  based  on  a  rate  equation  taking  into  account  radiative  and 
nonradiative  recombinations  as  well  as  diffusive  leakage  of  carriers  into  the  confining  layers.  Photon  recycling  and  its 
influence  on  the  LED  light  extraction  efficiency  is  self-consistently  included  in  the  model. 
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The  analysis  yields  the  wavelength  dependence  of  both  the  nonradiative  recombination  constant  A  as  well  as 
the  carrier  leakage  parameter  C  of  devices  before  and  after  aging.  LEDs  with  X>6 15  nm  are  stable  during  operation 
whereas  LEDs  with  shorter  emission  wavelengths  show  an  increase  of  A  as  well  as  a  decrease  of  C  upon  aging.  Since  in 
fresh  devices  nonradiative  recombination  increases  with  increasing  Aluminum  content  by  about  one  order  of  magnitude 
from  red  to  green  LEDs,  the  calculation  explains  the  strongest  degradation  of  orange  LEDs  as  due  to  the  highest  relative 
change  of^4. 


2.  EXPERIMENTAL 

A  test  series  of  AlGalnP  LEDs  with  emission  wavelengths  between  560  nm  and  650  nm  were  grown  by  metal-organic 
vapor  phase  epitaxy  on  6°  misoriented  (100)  GaAs  substrates.  For  the  active  region  a  multiple  quantum  well  (MQW) 
structure  sandwiched  by  doped  AllnP  confinement  layers  is  used.  The  LED  emission  wavelength  is  adjusted  by  the 
Aluminum  content  in  the  quantum  wells  having  a  total  active  region  thickness  of  400  nm.  Common  LED  structures  are 
fabricated  by  a  square  die  cut  with  a  side  length  of  300  pm  from  the  LED  wafer  with  electrodes  on  the  bottom  and  top 
side.  At  the  p  side  we  utilized  a  standard  contact  but  not  an  additional  surface  texturing  which  would  improve  light 
extraction  as  shown  in  the  past  [6].  The  LEDs  are  mounted  on  TO- 18  headers  and  measured  without  encapsulation  in  an 
integrating  sphere.  Long-wavelength  devices  show  excellent  electro-optical  characteristics  with  external  quantum 
efficiency  of  5%  at  a  forward  current  If=  20  mA  at  room  temperature  (Fig.l).  The  drastic  reduction  of  external  quantum 
efficiency  towards  shorter  wavelengths  was  previously  ascribed  to  the  transfer  of  electrons  from  the  direct  conduction 
band  minimum  at  f  point  to  the  indirect  conduction  band  minimum  at  X  point  [2, 5, 7, 8]. 


Fig.  1.  External  quantum  efficiency  of  AlGalnP  LEDs  with  different  emission  wavelengths  measured  at  1=20  mA. 
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For  testing  the  color-dependent  degradation  the  LEDs  were  operated  for  88  hours  under  steady-state  conditions 
(If=  50  niA  at  room  temperature).  The  aging  status  is  measured  with  improved  sensitivity  at  currents  smaller  than  the 
stress  current  such  as  20  mA  or  even  better  at  1  mA.  This  fact  was  recently  pointed  out  by  Pursiainen  et  al.  [9].  The 
resulting  operation  induced  change  of  external  quantum  efficiency  of  AlGalnP  LEDs  is  plotted  in  Fig.2  as  a  function  of 
LED  emission  wavelength.  Red  LEDs  with  ?c>615  nm  are  very  stable.  However,  LEDs  with  shorter  emission 
wavelength  exhibit  the  strongest  degradation  at  605  nm.  Here  the  light  output  is  reduced  to  about  20%  at  If=  1  mA.  It  is 
interesting  to  note  that  LEDs  with  shorter  wavelength  and  higher  x  do  show  a  lesser  degree  of  degradation.  Yellowish- 
green  LEDs  with  A=560  nm  emit  at  1  mA  more  than  60%  of  the  initial  light  intensity. 

hi  the  following  sections  these  experimental  findings  are  discussed  in  terms  of  a  detailed  model  of  the  internal 
quantum  efficiency.  The  analysis  explains  the  impact  of  leakage  effects  as  well  as  nonradiative  recombination  on  the 
light  output  of  LEDs  during  operation. 


Fig.  2.  Operation  induced  change  of  external  quantum  efficiency  of  AlGalnP  LEDs  as  a  function  of  emission  wavelength. 
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3.  THEORY  OF  INTERNAL  QUANTUM  EFFICIENCY 


3.1.  Rate  equation  model 

The  model  to  describe  the  internal  quantum  efficiency  of  fresh  and  aged  LEDs  as  a  function  of  current  and  temperature 
is  based  on  the  following  rate  equation  [5]: 

—  =  *»+*»+—  (3) 

qw  qw 

Here  J  is  the  current  density  flowing  in  the  device,  q  is  the  electron  charge  and  w  is  the  active  layer  thickness.  The  term 
on  the  left  represents  the  carrier  injection  rate  into  the  active  region  and  is  set  equal  to  the  different  recombination 
mechanisms  occurring  in  the  device.  The  radiative  rate  Rr ,  the  nonradiative  rate  Rm  and  the  carrier  leakage  current  JLeok 
are  considered.  In  the  case  of  a  lowly  doped  active  region  (n0  =  1T015  cm'3),  the  radiative  recombination  Rr  changes 
quadratically  with  injected  carrier  concentration  Sn,  while  the  nonradiative  recombination  Rnr  depends  linearly  on  Sn: 

Rr  =  BSn(Sn  +  nQ )  (4) 


Rnr  =  A  Sn 

Here  B(T)  is  the  radiative  recombination  parameter  of  AlGalnP  material  which  is  assumed  to  be  identical  to  the  GaAs 
value  of  1.2TO'10  cm3/s  [10].  The  radiative  recombination  parameter  B(T)  is  assumed  to  vary  as  T32  as  resulting  from 
the  bulk  density  of  states  in  the  Boltzmann  approximation.  The  nonradiative  recombination  parameter  A  is  left  a  fitting 
parameter,  depending  on  both  emission  wavelength  and  temperature. 

The  carrier  leakage  term  also  changes  quadratically  with  Sn  and  can  be  expressed  as  follows: 

cQM  rconf 

r  ~£‘S 

— —  =  CSn(Sn  +  n0)  =  C0y[Te  kT  Sn(Sn  +  nQ)  (5) 

qw 


i  —  p-  conf ,  n  -  conf 


(6) 


where  juJ  is  the  minority  carrier  mobility,  (Nefj)’  and  i  are  the  effective  doping  density  and  the  minority  carrier  lifetime, 
respectively,  in  the  Ino.5Alo.5P  confinement  layers.  Egw  and  Egco,lf are  the  active  region  and  confinement  layer  energy 
gaps,  respectively.  Due  to  lack  of  precise  materials  parameters  the  leakage  prefactor  C0  is  taken  as  a  fitting  parameter, 
independent  of  temperature  and  wavelength. 

The  external  quantum  efficiency  is  defined  as  the  product  of  internal  quantum  efficiency  and  extraction 
efficiency  which  accounts  for  the  probability  that  a  generated  photon  escapes  from  the  LED.  The  light  extraction 
efficiency  ?]CKtT  is  calculated  via  a  ray  tracing  simulation  [5,11],  in  which  the  LED  epitaxial  structure  and  chip  geometry 
is  taken  into  account.  The  resulting  extraction  efficiency  depends  on  the  active  region  internal  quantum  efficiency. 
Using  the  extraction  efficiency  qcxlT  and  solving  equations  (3)-(6)  allows  to  calculate  the  external  quantum  efficiency: 

BiSn  +  nQ ) 

^=37„,(a+cX&;--)+-  <7> 


This  model  provides  the  wavelength  and  temperature  dependence  of  internal  quantum  efficiency  of  AlGalnP  LEDs 
including  the  relative  portion  of  the  different  recombination  mechanisms.  These  results  will  be  discussed  in  detail 
elsewhere  [5]  while  we  focus  here  on  the  application  of  the  rate  equation  model  to  operation-induced  changes  in  high¬ 
brightness  AlGalnP  LEDs  with  different  emission  wavelength. 
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3.2.  Change  of  recombination  rates 

To  illustrate  the  immense  use  of  the  rate  equation  model  for  LED  aging  analysis  we  calculated  light  output  changes  due 
to  the  main  recombination  mechanisms  and  plotted  it  as  a  function  of  current  (Fig. 3  and  4).  The  light  output  change  is  a 
parameter  routinely  measured  during  aging  and  exploited  for  LED  quality  control  (cf.  Fig.2).  As  we  will  see  later  on  the 
presented  analysis  of  these  data  by  means  of  a  sophisticated  model  will  give  new  insights  into  degradation  processes  in 

AlGalnP  LEDs.  .  . 

By  changing  the  values  A  and  C  the  model  is  capable  to  reproduce  the  measured  LED  aging  behavior.  First  the 

light  output  change  is  modeled  for  an  LED  with  a  nonradiative  recombination  rate  T=l*107s  1  and  a  carrier  leakage 
parameter  Co=7.5*10'10cm3/s  (Fig.3).  An  increase  of  A  by  a  factor  of  1.5  results  in  a  light  output  reduction  (open 
symbols,  solid  line).  This  is  very  similar  to  what  we  usually  observe  in  degrading  LEDs  due  to  its  peculiar  current 
dependence  exhibiting  an  enhanced  light  output  change  at  lower  measuring  currents  [9].  On  the  other  hand  a  decrease  of 
A  by  a  factor  of  1.5  results  in  a  light  output  increase  again  more  pronounced  at  low  currents. 


Fig.3.  Calculated  relative  light  intensity  as  a  function  of  current  demonstrating  the  effect  of  changes  in  the  nonradiative  constant  A. 

The  light  output  change  is  now  modeled  for  an  LED  with  the  same  parameters  A— 1*10  s  and 
Co=7.5»10'10cm3/s  (Fig.4)  but  varying  carrier  leakage  parameter.  An  increase  of  C0  by  a  factor  of  1.5  causes  a  light 
output  reduction.  However,  in  contrast  to  the  A  increase  the  increase  of  C0  results  in  a  different  current  dependence  with 
an  enhanced  light  output  change  at  higher  measuring  currents.  A  decrease  of  Co  by  a  factor  of  1.5  leads  to  a  light  output 
improvement  especially  at  high  currents  (open  symbols,  dashed  line).  This  case  of  decreasing  C0  seems  to  be  similar  to 
what  occasionally  was  observed  in  previous  studies  [9]. 
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Fig. 4.  Calculated  relative  light  intensity  as  a  function  of  current  demonstrating  the  effect  of  changes  in  the  carrier  leakage  factor  C. 

In  conclusion,  these  differences  depending  on  the  current  range  enable  to  differentiate  between  these  aging 
effects.  This  is  of  great  importance  since  it  is  very  likely  that  in  actual  devices  both  parameters  change  during  aging.  In 
the  following  discussion  the  measured  efficiency  of  LEDs  of  the  color  series  will  be  compared  to  the  calculation. 

4.  DISCUSSION 

4.1.  Current  dependence  of  external  quantum  efficiency  during  aging 

The  external  efficiency  of  a  yellowish-green  LED  is  measured  before  and  after  aging  between  1  mA  and  20  mA 
(Fig. 5. a).  The  efficiency  starts  at  a  low  level  and  increases  rapidly  towards  a  saturation  level  at  high  currents.  This 
current  dependence  is  the  result  of  a  saturation  of  nonradiative  recombination  centers  at  high  carrier  densities  due  to  its 
linear  dependence  on  the  excess  carrier  density  Sn.  The  fitting  procedure  yields  for  both  cases  excellent  agreement  with 
the  experimental  data.  The  nonradiative  recombination  rate  A  and  leakage  factor  C0  are  extracted  from  the  fitting  and  it 
turns  out  that  during  aging  A  increased  while  C0  decreased.  The  superposition  of  these  degradation  effects  is  more  easily 
recognized  in  Fig.  5.b  displaying  the  light  intensity  after  aging  relative  to  the  fresh  LED.  Since  carrier  leakage  is 
suppressed  upon  aging  the  LED  increased  its  efficiency  at  high  currents  I>8mA.  At  low  currents  I<8mA  the  light  output 
is  decreased  owing  to  operation-induced  accumulation  of  defects  acting  as  nonradiative  recombination  centers  and 
hence  increasing  A .  This  degradation  behavior  of  the  yellowish-green  LED  is  qualitatively  found  in  all  LEDs  of  the  test 
series  except  from  the  stable  red  LEDs. 
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Relative  Light  Intensity  (%)  External  Quantum  Efficiency 


Current  (mA) 


Fig. 5.  a.  Measured  and  calculated  external  quantum  efficiency  as  a  function  of  current  for  a  fresh  and  aged  AIGalnP  LED  emitting  in 
the  yellowish-green  spectral  range. 

b.  Measured  and  calculated  relative  light  intensity  as  a  function  of  current. 
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4.2.  Wavelength  dependence  of  electron  leakage  during  aging 
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Fig.  6.  Leakage  parameter  C  as  a  function  of  the  LED  peak  wavelength  for  fresh  and  aged  devices.  Radiative  recombination  rate  B  is 
assumed  to  be  independent  of  wavelength  and  aging  status. 

The  wavelength  dependence  of  electron  leakage  parameter  C  as  deduced  from  the  current  and  temperature  dependence 
of  the  external  quantum  efficiency  of  AlGalnP  LEDs  is  plotted  in  Fig. 6.  In  this  wavelength  range  the  thermal  activation 
energy  AE=EgC0>lf-E<pn  drops  from  360  meV  for  red  LEDs  down  to  70  meV  for  yellowish-green  LEDs  (cf.  eq.(5)). 
Consequently  the  leakage  current  decreases  exponentially  by  several  orders  of  magnitude  with  increasing  wavelength. 
Whereas  at  room  temperature  and  If=  20  inA  carrier  leakage  is  the  dominant  loss  mechanism  for  yellowish-green  LEDs 
the  leakage  losses  become  negligible  for  orange-red  LEDs  with  ?i>600  nm.  For  comparison  the  radiative  recombination 
rate  B  is  also  shown  in  Fig. 6. 

From  the  fit  to  the  measured  external  efficiency  data  the  leakage  parameters  C0  are  obtained  between  560  nm 
and  600  nm  (squares  in  Fig.6).  C0  is  found  to  be  independent  of  wavelength  which  is  reasonable  since  identical 
confinement  layers  are  used  in  the  LEDs  of  the  test  series.  During  aging  the  thermal  activation  energy  AE  is  not  altered, 
but  the  prefactor  C0  decreased  by  a  factor  1.5.  This  can  be  interpreted  as  an  increase  of  the  effective  doping  density  in 
one  of  the  confinement  layers  during  device  operation.  An  other  effect  involved  in  the  degradation  might  be  an  increase 
of  minority  carrier  lifetime  or  a  reduction  of  minority  carrier  mobility.  Additional  measurements  to  check  these 
interpretations  are  currently  under  way. 


4.3.  Wavelength  dependence  of  nonradiative  recombination  during  aging 

Calculations  of  external  quantum  efficiency  before  and  after  aging  show  that  for  long  wavelength  devices  carrier 
leakage  is  extremely  low  and  therefore  changes  in  the  carrier  leakage  parameters  have  only  little  effect.  The  dominating 
loss  mechanism  in  these  LEDs  is  the  nonradiative  recombination  which  can  also  be  extracted  by  means  of  the  model 
calculation  from  the  current  and  temperature  dependence  of  the  external  quantum  efficiency.  Fig.  7  shows  the 
nonradiative  recombination  parameter  A  as  a  function  of  the  LED  peak  wavelength  for  fresh  and  aged  devices.  The 
nonradiative  parameter  increases  gradually  with  decreasing  wavelength.  This  increase  with  Aluminum  content  could  be 
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due  to  an  enhanced  transfer  of  electrons  from  T  to  X  conduction  band  in  the  QW  and/or  barrier  material  [5,7,8]  or  due  to 
an  increased  defect  concentration  [8],  During  operation  all  LEDs  with  X<615  nm  show  an  enhancement  of  nonradiative 
recombination  constant  A.  LEDs  with  larger  emission  wavelength  possess  the  smallest  nonradiative  recombination 
constant  A  which  does  not  alter  during  operation.  LEDs  with  emission  at  605  nm  exhibit  the  strongest  light  degradation 
because  the  relative  change  of  .4  from  aged  to  fresh  devices  is  a  maximum  (see  also  Fig.2).  The  reduction  of  light  output 
degradation  for  yellowish-green  LEDs  also  becomes  clear  if  one  keeps  in  mind  that  carrier  leakage  being  the  dominant 
loss  mechanism  in  the  short-wavelength  devices  is  reduced  during  aging  which  would  actually  result  in  a  light  output 
increase  and  thus  partially  compensates  the  light  output  decrease  due  to  an  increase  of  A. 

These  investigations  allow  us  to  develop  AlGalnP  LEDs  having  reduced  light  degradation  duiing  operation. 
Based  on  the  simple  model  of  internal  quantum  efficiency  the  effect  of  fundamental  physical  processes  such  as  carrier 
leakage  or  T-X  transfer  during  operation  can  be  resolved  as  a  function  of  LED  emission  wavelength. 


Fig.  7.  Nonradiative  constants  as  a  function  of  the  LED  peak  wavelength  for  fresh  and  aged  devices. 


5.  SUMMARY 

The  wavelength  dependence  of  the  external  quantum  efficiency  of  high-brightness  AlGalnP  LEDs  is  measured  during 
operation  and  analysed  by  means  of  a  rate  equation  model.  The  model  accounts  for  radiative  and  nonradiative 
recombinations  as  well  as  carrier  leakage  effects  and  methods  are  demonstrated  aiming  for  distinguishing  these 
processes.  The  detailed  theoretical  and  experimental  analysis  yields  the  wavelength  dependence  of  these  recombination 
processes.  Red  LEDs  prove  to  be  stable  during  operation  whereas  short  wavelength  LEDs  suffer  from  light  reduction 
upon  aging  due  to  enhanced  nonradiative  recombinations  which  is,  however,  partially  compensated  by  a  reduction  of 
carrier  leakage. 
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ABSTRACT 

We  have  studied  the  effects  of  composition  and  hydrostatic  pressure  on  the  direct  optical  transitions  at  the  T  point  of  the 
Brillouin  zone  in  MBE-grown  Zn0.tSeUt  and  ion-implantation-synthesized  Znl_>Mn).OxTei,Y  alloys.  We  observe  a  large 
O-induced  band-gap  reduction  and  a  change  in  the  pressure  dependence  of  the  fundamental  band  gap  of  the  II-O-VI 
alloys.  The  effects  are  similar  to  those  previously  observed  and  extensively  studied  in  highly  mismatched  III-N-V  alloys. 
Our  results  are  well  explained  in  terms  of  the  band  anticrossing  model  that  considers  an  anticrossing  interaction  between 
the  highly  localized  oxygen  states  and  the  extended  states  of  the  conduction  band  of  II-VI  compounds.  The  O-induced 
modification  of  the  conduction  band  structure  offers  an  interesting  possibility  of  using  small  amounts  of  O  to  engineer 
the  optoelectronic  properties  of  group  II-O-VI  alloys. 

Keywords:  Oxygen,  ZnO,Se,.,,  Zn^MnATe,.,,  II-VI  compounds,  band-anticrossing,  highly  mismatched  alloys,  band 
structure,  pressure  effect,  photovoltaic 


1.  INTRODUCTION 

Highly  mismatched  semiconductor  alloys  (HMAs)  in  which  a  small  fraction  of  constituent  anion  elements  is  replaced  by 
elements  with  highly  dissimilar  properties  have  recently  attracted  considerable  attention.  The  most  extensively  studied 
HMAs  to  date  are  III-N-V  alloys.  It  has  been  found  that  the  substitution  of  the  group  V  element  in  group  III-V 
compounds  with  small  amounts  of  nitrogen  leads  to  dramatic  changes  of  the  electronic  properties.  These  include  a 
reduction  of  the  fundamental  band-gap  energy  [1,2],  a  significant  increase  in  electron  effective  mass  and  a  decrease  in 
electron  mobility  [3-5].  Furthermore  a  new  optical  transition  ( E+ )  appears  from  the  valence  band  to  the  conduction  band 
at  the  T  point  [6,7].  As  one  quantitative  example,  the  incorporation  of  only  one  percent  of  nitrogen  into  GaAs  induces  a 
strikingly  large  reduction  of  0.18  eV  in  the  fundamental  band-gap  energy  [8]. 

These  dramatic  changes  of  the  electronic  properties  have  recently  been  explained  accurately  by  a  band  anticrossing 
(BAC)  model  [6,9],  The  anticrossing  interaction  between  the  extended  conduction-band  states  of  a  semiconductor  matrix 
and  the  highly  localized  electronic  states  introduced  by  the  isoelectronic  substitutional  atoms  with  high  electronegativity 
can  be  expressed  as  [6,9] 

Et{k)={  kv  (k)+E0)±  Vfo,  (U-Uj+4u)  (1) 

where  EA!(k)  and  E0  are,  respectively,  the  energies  of  the  unperturbed  conduction  band  and  of  the  localized  states  relative 
to  the  top  of  the  valence  band.  The  matrix  element  describing  the  interaction  and  hybridization  between  the  localized 
states  and  the  extended  conduction-band  states  V-Cmc/X^*,  where  C,v/o  is  a  constant  desciibing  the  coupling  between 
localized  states  and  the  extended  states  of  the  semiconductor  matrix  and  x  is  the  alloy  composition. 
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Illustrated  in  Fig.  1  are  schematic  examples  of  the  calculated  band  structure  based  on  the  BAC  model.  The  interaction 
between  the  localized  isoelectronic  states  and  the  extended  conduction-band  states  has  a  pronounced  effect  on  the 
dispersion  relation  of  the  two  conduction  subbands  E_  and  £+.  If  the  localized  state  is  located  within  the  conduction  band 
of  the  matrix,  as  depicted  in  Fig.  1(a),  the  conduction-band  states  at  the  E_  edge  retain  mostly  the  extended  £,vrlike 
character  and  those  at  the  E+  edge  are  more  of  localized  and  ED- like  character.  If  the  localized  states  lie  below  the 
conduction-band  edge,  as  displayed  in  Fig.  1(b),  the  conduction-subband  edges  E_  and  E+  switch  their  characters:  the 
subband  states  assume  the  highly  localized  nature  and  E+  subband  states  possess  the  character  of  extended  state.  It  is 
clear  from  the  figure  that  the  energy  positions  of  the  subband  edges  £_  and  E+  given  by  Eq.(l)  depend  on  alloy 
concentration  x  and  the  coupling  parameter  Cmo,  as  well  as  the  location  of  Eo  with  respect  to  the  conduction  band  edge 
Em- 

In  this  work,  we  review  our  recent  research  on  a  new  group  of  HMAs  based  on  II- VI  compounds.  We  show  that  partial 
replacement  of  group- VI  anions  with  more  electronegative  O  atoms  in  II-  VI  compounds  does  have  the  effect  similar  to 
incorporating  nitrogen  into  III-V  materials.  The  Zn0.rSeKv  and  Zni^Mn^O^Tei^  alloy  systems  are  specifically  chosen  to 
represent  the  respective  cases  depicted  in  Fig.l.  The  observations  of  a  significant  band-gap  reduction  with  increasing 
oxygen  content  in  Zn0.rSe]_x  and  two  well-resolved  spectral  features  associated  with  the  E_  and  ZAband  edges  in  Zn\. 
^MnyO^Tei-.r,  as  well  as  the  classical  band- anticrossing  behavior  in  the  pressure  dependence  of  the  fundamental  band 
gaps  of  these  samples  can  all  be  quantitatively  explained  by  the  anticrossing  interaction  between  the  extended  states  of 
the  conduction  band  of  the  host  matrix  materials  and  the  highly  localized  oxygen  states  located  at  the  vicinity  of  the 
conduction-band  edge. 


2.  EXPERIMENTAL 

The  ZnOA-Sei_.x  samples  used  in  this  work  were  grown  on  GaAs  (100)  substrates  by  molecular  beam  epitaxy  at  a  growth 
temperature  of  350°C.  Before  the  growth  of  ZnOSe  epitaxial  films,  a  100-nm  thick  ZnSe  buffer  layer  was  deposited  on 
the  substrates.  The  O  content  in  the  alloy  layers  was  controlled  by  varying  the  02  flow  rate  to  a  RF  oxygen  plasma 
source.  The  ZnOSe  layer  thickness  is  around  600  nm  for  all  the  samples.  The  oxygen  concentration  in  the  films  was 
determined  from  Vegard’s  law  using  lattice  constants  determined  from  the  double-crystal  X-ray  diffraction  rocking 


Fig.l.  Illustration  of  the  effects  of 
band  anticrossing  on  the  F 
conduction  band  structure,  (a) 
The  highly  electronegative 
isoelectronic  impurity  induced 
localized  state  resonant  with  the 
conduction  band;  (b)  The 
localized  state  located  below  the 
conduction  band.  The  solid  lines 
are  the  restructured  E__  and  E+ 
subbands  resulting  from  the  band 
anticrossing  interaction  between 
the  localized  states  (dash-dotted 
line)  and  the  extended  states  of 
the  conduction  band  (broken 
line). 


Wavevector  (106  cm'1) 
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curves  measured  in  the  (400)  and  (511)  planes  [10].  The  uncertainty  in  O  concentration  is  about  20%. 

The  Zni.yMn,.OvTe,.,  samples  are  synthesized  using  O  ion  implantation  followed  by  pulsed  laser  melting  (PLM).  This 
approach  is  very  effective  in  incorporating  impurities  into  a  crystal  to  levels  well  above  the  solubility  limit  due  to  the 
rapid  recrystallization  rate  [11,12].  Synthesis  of  diluted  GaNvAS(.t  [13],  as  well  as  ferromagnetic  Gai_AMn,As  [14]  using 
ion  implantation  and  the  PLM  process  have  recently  been  demonstrated.  Multiple  energy  implantation  using  30  and  90 
keV  0+  ions  was  carried  out  into  Zn0  gsMno.nTe  single  crystals  to  form  ~0.2  pm  thick  layers  with  the  O  concentration 
ranging  from  0.0165  to  0.044.  The  reason  for  using  ternary  ZnMnTe  as  substrates  is  that  the  presence  of  Mn  enhances 
and  stabilizes  the  incorporation  of  O  [15].  The  0+-implanted  samples  were  pulsed-laser  melted  in  air  using  a  KrF  laser 
(3.=  248  nm)  with  a  pulse  duration  ~38ns.  After  passing  through  a  multi-prism  homogenizer,  the  fluence  at  the  sample 
ranged  between  0.020  and  0.3  J/cm2. 

Photo-modulated  reflection  (PR),  photo-modulated  transmission  (PT)  and  photoluminescence  (PL)  measurements  were 
carried  out  to  measure  the  band  gap  energy  of  the  ZnO,Se|.A  and  Zn i _,  MnyOtTe  i .x  samples  at  room  temperature  (295  K). 
For  the  photo-modulation  measurements,  quasimonochromatic  light  from  a  Xenon  arc  or  a  tungsten  halogen  lamp 
dispersed  by  a  0.5-m  monochromator  was  focused  on  the  samples  as  a  probe  beam.  A  chopped  HeCd  laser  beam  (3250 
or  4420  A)  provided  the  photomodulation.  The  PR  or  PT  signals  were  detected  by  a  Si  photodiode  using  a  phase- 
sensitive  lock-in  amplification  system.  For  PL  measurements,  the  3250-  A  HeCd  laser  line  was  used  for  excitation. 
Luminescence  signals  from  the  samples  were  dispersed  by  a  1-m  double  grating  monochromator  and  detected  by  a 
photomultiplier  tube.  Application  of  hydrostatic  pressure  was  accomplished  by  mounting  small  sample  chips  with  sizes 
of -200x200  pm2  into  gasketed  diamond  anvil  cells. 

3.  RESULTS  AND  DISCUSSIONS 


3.1  ZnCUSe,.* 


Figure  2  shows  PR  spectra  measured  on  the  Zn0.tSeUt  samples  with  different  O  content.  In  each  case,  the  derivative-like 
spectral  features  correspond  to  the  optical  transitions  from  the  valence-band  edge  to  the  conduction-band  edge  in  the 
samples,  and  provide  a  direct  measure  of  the  band-gap  energy.  It  is  clear  from  Fig.2,  the  band  gap  of  the  samples  shifts 


towards  lower  energy  with  increasing  O 
concentration.  The  increasingly  broadened  PR 
spectral  features  are  commonly  observed  in 
semiconductor  alloys  and  can  be  partially  attributed 
to  the  spatial  alloy  fluctuations  of  the  O  concentration 
in  the  sample. 

Plotted  in  Fig.  3  are  the  band-gap  energies  of  the 
ZnOvSeKv  samples  as  a  function  of  O  concentration. 
The  energy  gap  for  each  sample  was  determined  by 
fitting  the  corresponding  PR  spectral  curve  associated 
with  the  transition  from  the  top  of  valence  band  to  the 
bottom  of  the  conduction  band  to  the  lineshape 
functional  form  of  three-dimensional  interband 
transitions  [16,17],  The  band  gap  decreases  at  a  rate 
of  about  0.1  eV  per  atomic  percent  of  oxygen.  This 
large  O-induced  band-gap  reduction  indicates  a  large 
band-gap  bowing  that  bears  a  close  resemblance  to 
the  analogous  effects  that  have  been  extensively 
studied  in  GaNvAsi_v  and  Ga|.rInvNvAS|_v  HMAs 
(x<0.05).  The  solid  line  in  the  figure  is  the  best  fit 
using  Eq.(l)  to  the  experimental  data  with  Cm  and 
Eo  as  adjustable  parameters.  The  fit  to  the  data  is 
excellent.  The  large  reduction  of  the  fundamental 
band  gap  in  ZnOASe,.t  with  the  increasing  O 
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Fig.  2.  PR  spectra  from  ZnOxSe|.x  at  295K. 
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Fig.  3.  Band-gap  energies  as  a  function  of  O  concentration. 
The  solid  line  is  the  best  fit  to  the  data  using  the  BAC  model. 


Fig.  4.  The  effect  of  pressure  on  PL  transition  energy 
associated  with  an  x=0.0085  sample.  The  solid  line  is  the 
calculated  result  using  the  BAC  model. 


concentration  can  be  attributed  to  the  downward  shift  of  E_  relative  to  the  valence  band  as  a  result  of  band  anticrossing. 
The  theoretical  fitting  results  yield  the  energy  position  of  O  level  E0=Ei/+  2.90*0.02  eV  and  the  interaction  parameter 

0,0=1.8*03  eV. 


To  further  demonstrate  that  the  band-gap  reduction  observed  in  the  ZnChSe^  samples  results  from  band  anticrossing,  we 
have  used  PL  to  measure  the  energy  positions  of  the  optical  transitions  associated  with  the  fundamental  band  gap  in  a 
ZnO0.0085Se0.99 is  sample  as  a  function  of  applied  hydrostatic  pressure.  The  results  are  shown  in  Fig.  4,  along  with  the 
known  pressure  dependence  of  PL  features  from  thick  ZnSe  epilayers  grown  on  GaAs  substrates  [18].  The  pressure- 
induced  energy  shift  of  the  optical  transition  related  to  the  direct  band  gap  of  the  sample  is  weaker  and  much  more 
nonlinear  than  in  ZnSe.  This  indicates  that  the  application  of  high  pressure  gradually  changes  the  character  of  the 
conduction-band  edge  (£_)  from  extended-like  to  localized-like.  The  solid  line  in  the  figure  shows  the  pressure 
dependence  of  the  PL  transition  energy  that  corresponds  to  the  change  of  the  band  gap  of  the  sample  calculated  using 
Eq.(l)  with  the  same  values  of  Eo  and  Cmo • 

It  is  very  interesting  to  note  that  the  energy  position  of  O  level  in  ZnSe  determined  here  can  be  used  to  evaluate  band- 
edge  offsets  between  ZnTe  and  ZnSe.  It  has  been  well  established  that  the  energy  levels  of  highly  localized  states  are 
independent  of  the  host  material.  For  example,  the  locations  of  the  d-states  of  transition  metals,  have  been  used  to 
determine  the  band  edge  offsets  [19]  and  the  band-edge  deformation  potentials  in  compound  semiconductors  [20].  The  O 
level  was  previously  found  to  be  located  at  about  0.24  eV  below  the  conduction-band  edge  in  ZnTe  [21].  Combining  this 
with  current  result  of  0.22  eV  above  the  conduction  band  edge  of  ZnSe  for  the  O  level,  it  yields  a  value  of  A£’c«0.46  eV 
for  the  conduction-band  offset  and  AiT^O.9  eV  for  the  valence-band  offset  for  ZnTe/ZnSe  system. 

The  absence  of  spectral  features  related  to  the  optical  transition  associated  with  the  conduction-band  edge  E+  in  the 
ZnOrSeirV  samples  used  in  this  work  is  not  inconsistent  with  the  BAC  model[6,9].  Note  that  the  E+  band  edge  has  mostly 
localized-like  character,  and  since  the  dipole  interaction  for  optical  transitions  couples  much  more  strongly  to  extended 
states  than  localized  states,  the  transition  related  to  E+  is  inherently  weak.  In  addition,  the  energy  separation  between  E+ 
and  E_  and  the  oscillator  strength  of  the  E+  transition  depend  on  the  O  content  and  the  coupling  parameter.  In  the  case  of 
GaNrAsKv,  with  Cmn=2J  eV,  the  E+  transition  can  be  spectrally  observed  only  over  the  range  of  x  >  0.005-0.008 
[7,22,23].  This  indicates  that,  with  an  almost  two  times  smaller  coupling  parameter  of  Ca/o«1.8  eV  in  ZnOvSeUv,  it  will 
certainly  require  an  alloy  composition  of  *>0.02  to  resolve  the  £+-transition  related  spectral  feature. 


Proc.  of  SPIE  Voi.  5349  429 


Energy  (eV) 


Fig.  5.  PR  spectra  taken  from  Zn08gMno  nTe^O*  samples 
at  80  K  compared  with  the  PR  curve  of  Zno.ssMno.nTe 
substrate. 


O  mole  fraction,  x 


Fig.  6.  The  energy  positions  of  E_  and  E+  for  the 
Zno  sgMno  i20.tTe,.r  alloys  plotted  against  the  O  mole 
fractions  x.  The  values  of  E_  and  E+  calculated  according  to 
the  band  anticrossing  model  are  plotted  as  solid  lines. 


3.2  Zn i _VM n,,0. VT e , 

The  relatively  weak  anticrossing  interaction  due  to  the  relatively  high  location  of  the  localized  O  level  and  small  O  mole 
fraction  inhibits  the  observation  of  optical  transitions  associated  with  the  E+  band  edge  in  the  currently  available 
ZnOvSei_v  samples.  To  address  the  issue  of  E+  transitions  in  II-O-VI  alloys  we  have  studied  Zn^Mn^ChTeu*  alloys.  As 
discussed  above,  in  the  dilute  limit  (x-^0)  the  O  level  is  located  below  the  conduction  band  of  ZnTe.  Because  of  a  very 
small  conduction  band  offset  between  ZnTe  and  ZnMnTe  [24],  the  O  level  is  expected  to  locate  below  the  conduction 
band  edge  in  ZnMnTe  as  well.  Therefore,  the  E_  and  E+  band  edges  of  Zn^MnjOJei,,  formed  by  the  band  anticrossing 
interaction  should  possess  a  character  opposite  to  that  of  ZnOASe i _t,  respectively,  as  described  in  Fig.  1(b).  E_  is  of 
localized-like  nature  and  £+  is  extended-like.  The  extended-like  nature  of  the  E+  band  edge  of  Zn^Mn^O./Teu*  should 
have  a  relatively  large  oscillator  strength  to  produce  some  detectable  spectral  response. 

The  PR  spectra  taken  at  80  K  from  two  Zno.ggMno.uO.Jei,,  samples  implanted  with  3.3%  0+  followed  by  PLM  with  a 
laser  energy  fluence  of  0.15  and  0.3  J/cm2  are  shown  in  Fig.  5.  The  actual  “active”  O  concentration  (x)  in  the 
Zn0  88Mn0. i 20  vTe , ,x  samples  is  estimated  to  be  roughly  around  1%  by  assuming  a  CMCr 3.5  eV[25].  However,  it  should  be 
noted  that  the  precise  value  of  the  composition  x  is  not  very  important  in  the  discussion  presented  here.  A  PR  spectrum 
taken  from  the  ZnoggMno  iiTe  used  as  the  substrate  in  this  work  is  also  plotted  in  the  figure  for  comparison.  The 
derivative-like  spectral  feature  of  the  PR  curve  of  Zn0.88Mn<,.12Te  corresponds  to  the  optical  transition  from  the  valence- 
band  edge  to  the  conduction-band  edge.  The  band-gap  energy  is  found  to  be  2.40  eV  at  80  K  for  the  Zno.ggMno.nTe 
matrix.  For  the  oxygen  containing  samples,  the  PR  spectra  exhibit  two  features  with  energies  distinctly  different  from 
the  fundamental  band  gap  of  Zno.8sMn0.,2Te  matrix.  These  two  features  can  be  attributed  to  the  transitions  from  the  top 
of  the  valence  band  to  the  two  conduction  subband  edges,  E_  (-1.85  eV)  and  E+  (-2.6  eV),  formed  by  the  band 
anticrossing  interaction  between  the  localized  O  states  and  the  extended  conduction-band  states  of  the  ZnMnTe  matrix. 
The  strong  photomodulation  signals  of  both  E_  and  E+  indicate  the  extended  nature  of  the  electronic  states  in  E_  and  E+ 
subbands. 

The  energy  positions  of  E_  and  E+  for  the  Zno  ssMn.ujO.Te,..,  alloys  with  different  x  are  plotted  in  Fig.  6.  The  data  were 
taken  at  room  temperature  from  samples  implanted  with  different  amounts  of  O  (1.65,  2.2  and  4.4%)  and  PLM  processed 
with  different  energy  fluences.  The  energy  positions  of  the  two  transitions  predicted  by  the  BAC  model  are  plotted  as 
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solid  lines.  Since,  in  this  figure,  the  values  of  CM02x  were  calculated  from  the  energy  of  the  E_  transition  no  error  bars 
are  given  for  E_.  Given  the  broad  linewidth  of  the  PR  feature  corresponding  to  the  E+  transitions,  the  data  in  Fig.6  are  in 
reasonable  agreement  with  the  calculations  based  on  the  BAC  model. 

The  effects  of  applied  pressure  on  the  transition  in  the  Zn0.88Mn0.i2O.xTeUt  samples  were  studied  in  order  to  verify  the 
origin  of  the  E_  band.  The  energy  positions  of  the  £_  transition  in  the  sample  treated  by  PLM  with  a  laser  energy 
fluence  of  0.3  J/cm2  has  been  measured  as  a  function  of  applied  hydrostatic  pressure  at  room  temperature.  The  results  are 
shown  in  Fig.  7,  along  with  the  measured  pressure  dependence  of  the  band  gap  of  the  Zno.gsMno.tsTe  matrix.  The  room- 
temperature  energy  position  of  the  E+  transition  at  atmospheric  pressure  is  also  shown  in  the  figure.  The  inset  shows  a 
typical  PT  spectrum  recorded  at  high  pressures.  The  broad  PT  feature  on  the  lower  energy  side  corresponds  to  the  E_ 
transition  and  the  narrow  PT  feature  (£gZnMnTe)  on  the  higher  energy  side  is  the  transition  associated  with  the  fundamental 
band  gap  of  Zno.ssMno  12Te  substrate. 

A  linear  fitting  to  the  experimental  data  that  are  shown  by  open  circles  in  Fig.7  yields  the  value  of  dL£'g/dP:=8.5  meV/kbar 
for  the  pressure  dependence  of  the  Zno.ggMno.uTe  band  gap.  The  pressure-induced  energy  shift  of  the  E_  transition  is 
much  weaker  with  an  initial  slope  «  2  meV/kbar  than  the  pressure  induced  change  of  the  direct  band  gap  of 
Zno.88Mno.12Te  matrix.  The  weak  pressure  dependence  of  the  E_  transition  can  be  fully  understood  with  the  BAC  model. 
The  fact  that  £_  is  located  much  closer  to  the  energy  level  of  the  localized  O  states  [Fig.  1(b)]  gives  its  wavefunction  a 
pronounced  O-like  character.  The  solid  lines  through  the  experimental  data  in  Fig.  7  are  the  calculated  pressure 
dependencies  of  the  E_  and  E+  transitions  using  Eq.  (1).  The  best  fits  to  the  data  yield  the  energy  position  of  the  O  level 
(relative  to  the  top  of  the  valence  band)  E0=EiA~2. 0±0.1  eV  at  atmospheric  pressure  with  a  pressure  dependence  of 
0.6±0.1  meV/kbar.  It  is  clear  from  the  figure  that  the  pressure  dependence  of  the  E_  transition  is  slightly  stronger  than 
that  of  the  O  level  as  expected  from  the  admixture  of  extended  conduction-band  Tc  states  of  the  matrix  to  the  E_  band- 
edge  states. 

The  present  results  have  important  inferences  for  the  understanding  of  the  origin  of  the  unusual  electronic  structure  of 
HMAs.  They  show  very  clearly  that  the  BAC  model  provides  a  unifying  description  of  the  electronic  structure  of  a  large 


Fig.  7.  Effect  of  pressure  on  the  energy  position  of  the  E__  band  edge  of  a  Zn0.8gMn0.t2OATe,_r  sample  (triangles).  The  change  of 
the  band  gap  of  the  Zn088Mn0.i2Te  substrate  with  pressure  is  also  displayed  (open  circles).  The  solid  lines  are  theoretical  fitting 
results.  The  dashed-dotted  line  is  the  location  of  Eq  relative  to  the  top  of  the  valence  band.  The  inset  shows  a  typical  PT 
spectrum  of  Zn0  88Mn0  i2ptTej,t  under  pressure. 


Proc.  of  SPIE  Vol.  5349  431 


variety  of  different  HMAs.  They  also  provide  strong 
arguments  against  other  previously  proposed 
models.  It  has  been  argued  that  the  electronic 
structure  of  GaNtAsUr  alloys  results  from  an 
interaction  between  the  closely  lying  Tc,  Lc,  and  Xc 
minima  [26-28].  The  interaction  is  caused  by  the 
perturbation  potential  resulting  from  the  substitution 
of  N  atom  on  an  As  site.  In  these  models  the  smaller 
and  pressure-dependent  pressure  coefficient  of  the 
£_  transition  observed  in  GaNvAs,,v  alloys  was 
attributed  to  the  increasing  contribution  of  the  Lc 
and  Xc  minima  whose  pressure  coefficients  are 
much  smaller  than  that  of  the  Tc  minimum. 

Apparently,  these  models  cannot  explain  the  results 
presented  here.  The  large  downward  shift  of  0.5  eV 
of  the  conduction  band  minimum  (£_)  and  the  very 
weak  pressure  dependence  of  the  band  energy  as 
shown  in  Fig. 6  cannot  be  attributed  to  the  influence 
from  the  conduction-band  L  and  X  edges  because 
they  are  located  far  away  from  the  Tc  edge  (>1.0 
eV)  in  Zn^MnjTe  [29].  Thus,  our  results  directly 
confirm  that  the  E  transition  together  with  the  E+  is 
the  results  of  a  band  anticrossing  interaction 
between  the  extended  T  conduction-band  states  and 
highly  localized  states  in  highly  mismatched  alloys. 

3.3  Photovoltaic  application 

The  O-induced  modification  of  the  conduction  band  structure  offers  an  interesting  possibility  of  using  small  amounts  of 
O  to  engineer  the  optoelectronic  properties  of  group  II-O-VI  alloys.  One  of  the  many  technological  potentials  of  II-O-VI 
HMAs  is  for  photovoltaic  applications.  Efforts  to  improve  the  efficiency  of  solar  cells  have  led  to  extensive 
experimental  and  theoretical  studies  of  new  materials  and  cell  designs.  To  date,  the  highest  power  conversion  efficiency 
of  ~33%  has  been  achieved  with  multi-junction  solar  cells  based  on  standard  semiconductor  materials  [30-32].  It  was 
recognized  over  thirty  years  ago  that  the  introduction  of  states  in  a  semiconductor  band  gap  presents  an  alternative  to 
multi-junction  designs  for  improving  the  power  conversion  efficiency  of  solar  cells  [33-35].  It  was  argued  that  deep 
impurity  or  defect  states  could  play  the  role  of  the  intermediate  states  for  this  purpose.  Detailed  theoretical  calculations 
indicate  that  a  single  junction  cell  with  one  or  two  properly  located  bands  of  intermediate  states  could  achieve  power 
conversion  efficiencies  up  to  62%  [34]  and  71.7%  [35],  respectively.  However,  difficulties  in  controlling  the 
incorporation  of  high  concentrations  of  impurity  or  defect  states  have  thwarted  prior  efforts  to  realize  such  materials. 

With  the  multiple  band  gaps  that  fall  within  the  solar  energy  spectrum,  Zni^MiijO  Je,.,  provides  a  unique  opportunity 
for  the  realization  of  the  proposed  multiband  solar  cell.  The  energy  band  structure  and  the  density  of  states  for  the  case 
of  Zn0  88Mn0  pOtTe,.r  alloy  (with  x~0.01)  are  shown  in  Fig.  8.  An  O  derived  narrow  band  of  extended  states  E_  is 
separated  from"  the  upper  subband  E+  by  about  0.7  eV.  Three  types  of  optical  transitions  are  possible  in  this  band 
structure-  (1)  from  the  valence  band  to  the  E+  subband,  Ev+=E+(k=0)-El,{k=0)=2.56  eV,  (2)  from  the  valence  band  to  E__ 
subband, ’  £v_=£_(*=0)-£K*=0)=1.83  eV  and  (3)  from  £_  to  E+,  £+_=£+(*=0)-£_(£=0)=0.73  eV.  These  three 
absorption  edges  span  much  of  the  solar  spectrum,  indicating  that  these  alloys  could  be  good  candidates  for  the  multi¬ 
band  semiconductors  envisioned  for  high  efficiency  photovoltaic  devices. 

4.  CONCLUSIONS 

We  have  studied  the  effect  of  oxygen  on  the  electronic  band  structure  of  ZnOvSei.v  and  Zn|.>Mn)0,Te1_.,;  alloys  by 
investigating  the  optical  transitions  associated  with  the  F  point  at  the  conduction-band  and  the  valence-band  edges,  as 
well  as  the  dependence  of  the  transitions  on  applied  pressure.  A  number  of  classical  band-anticrossing  behaviors 
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Fig.  8.  The  calculated  energy  band  structure  (left  panel)  and  density 
of  states  (right  panel)  for  Zno^Mno nOfTei.*  with  x~0.01.  The  three 
possible  optical  transitions  are  indicated  in  the  left  panel. 
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resulting  from  the  strong  interaction  between  the  localized  0  states  and  the  extended  conduction-band  states  of  the  host 
material  matrix  have  been  observed  in  the  samples  studied  in  this  work:  A  significant  band-gap  reduction  with 
increasing  O  concentration  in  ZnOrSeKt  samples,  optical  transitions  related  to  two  conduction  subbands  £_  and  E+  in 
Zni.jMn^OtTei.j  samples,  and  the  demonstration  of  characteristic  band-anticrossing  behavior  in  the  pressure  dependence 
of  the  fundamental  band  gap  in  both  alloy  systems.  These  experimental  results  confirm  that  replacing  group-VI  anions  in 
II-VI  materials  with  isoelectronic  but  more  electronegative  O  atoms  does  form  highly  mismatched  II-O-VI  alloy 
systems.  The  O-induced  modification  of  the  conduction  band  structure  can  be  well  described  using  the  band  anticrossing 
model  that  has  been  successfully  applied  to  the  III-N-V  alloys.  The  O-induced  modification  of  the  conduction  band 
structure  offers  the  interesting  possibility  of  using  small  amounts  of  O  to  engineer  the  optoelectronic  properties  of  group 
II-O-VI  alloys. 
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ABSTRACT 

We  present  a  new  distributed  time  domain  model  (DTDM)  using  Maxwell's  wave  equations  with  a  time  dependent 
polarization  in  the  form  of  classical  electron  oscillators  (CEO)s  with  randomly  excited  spontaneous  emission  using  a 
virtual  field.  The  model  is  based  upon  the  neoclassical  rate  equations  of  A.E.  Siegman1  and  includes  effects  such  as 
chromatic  dispersion,  line-width  enhancement,  gain  suppression,  optically  induced  gratings,  and  excess  noise.  Although 
our  equations  were  independently  derived  we  have  found  that  they  do  resemble  the  Maxwell-Bloch  equations 
However,  most  authors  appear  to  favor  the  Ginzburg-Landau  equations  for  their  DTDM  models3.  We  demonstrate  that 
the  model  can  reproduce  results  comparable  with  those  of  others,  as  well  as  new  results. 

Keywords:  DTDM,  CEO,  dipole,  Rabi  flopping,  Multimode,  Mode  locking 

1.  INTRODUCTION 

This  model  was  developed  in  an  attempt  to  produce  a  more  accurate  mathematical  description  of  the  way  that  high 
speed  optical  signals  interact  with  the  carrier  density,  this  is  of  particular  importance  in  mode  locked  lasers  devices, 
where  the  pulse  duration  is  very  small  and  hence  wide  bandwidth.  The  biggest  improvement  made  in  this  work  is  that 
the  power  flow  into  or  out  of  the  carrier  density  in  the  gain  medium  or  absorber  comes  from  the  optical  polarization  just 
as  the  gain  does.  This  results  in  the  power  flow  having  the  same  frequency  dependence  as  the  incremental  gain,  which 
ensures  that  the  stimulated  emission  rate  varies  by  the  same  amount  as  the  gain  for  any  given  optical  mode.  Whereas 
usually  the  power  flow  is  taken  as  being  equal  to  the  square  of  the  magnitude  of  the  electric  field  times  a  carrier  density 
dependant  stimulated  emission  rate,  which  is  not  frequency  dependant  at  all. 

There  are  a  large  number  of  DTDM  models  in  existence  but  to  the  best  of  our  knowledge  this  is  the  first  distributed 
dipole  model  to  include  spontaneous  emission,  especially  by  the  use  of  a  virtual  electric  field.  Because  it  is  different 
from  other  models  we  feel  that  a  complete  derivation  is  the  best  way  to  demonstrate  how  it  works.  The  first  stage  in  the 
derivation  of  this  model  is  to  apply  the  slowly  varying  envelope  approximation  (SVEA) 1  to  Maxwell's  wave  equation 
for  E,  to  reduce  it  from  a  single  second  order  vector  equation,  to  a  pair  of  first  order  complex  scalar  equations.  These 
represent  light  propagating  to  the  right,  and  light  propagating  to  the  left.  Next  the  gain  is  implemented  using  CEOs4  to 
represent  the  optical  polarization;  these  too  are  approximated  with  the  SVEA  so  that  they  become  first  order,  resulting 
in  a  Loren tzian  gain  spectrum.  Spontaneous  emission  is  then  included  into  these  CEO's  as  a  stimulated  emission  driven 
by  a  virtual  electric  field  representing  the  vacuum  fluctuations  in  the  laser  cavity.5, 6.  Finally  to  complete  the  model,  the 
boundary  conditions  are  added  along  with  a  modification  on  the  power  flow  to  allow  for  optically  induced  refractive 
index  gratings.  These  gratings  are  also  implemented  using  CEO  dipole  techniques,  and  therefore  have  frequency  and 
phase  dependencies  that  are  not  accounted  for  using  the  usual  product  of  forward  and  reverse  field  magnitude  technique. 

To  verify  that  the  mathematical  model  functions  correctly  a  series  of  basic  devices  have  been  simulated,  utilizing 
only  parts  of  the  model,  before  finally  simulating  more  complicated  structures  with  the  entire  model.  Firstly  we  present 
the  gain  spectrum  of  a  block  of  material  using  just  the  field  propagation  and  dipole  equations1,  and  then  we  proceed  to 
study  the  Rabi  oscillations7  resulting  from  the  application  of  a  sudden  large  optical  pulse  to  an  absorbing  material,  using 
the  field  propagation,  dipole  equations,  power  flow  equation8,  and  the  carrier  density  equations.  Next  we  examine  the 
reflectance  caused  by  the  optically  induced  index  grating  effect9, 10,  using  counter  propagating  input  pulses.  Finally  we 
demonstrate  pulse  compression  using  a  satureable  absorber11.  Having  verified  the  correct  functioning  of  the  various 
attributes  of  the  mathematical  model  we  then  proceed  to  numerically  model  a  two  section  self-pulsating  laser  and  a 
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compound  cavity  passively  mode  locked  laser,  and  successfully  produce  both  multimode  self-pulsations  and  mode 
locked  pulses. 


2.  THEORY 

In  the  following  section,  all  slowly  varying  variables  are  topped  with  tildes,  and  all  vector  quantities  are  toped  with 
arrows,  uni-direction  ally  propagating  fields  use  plus  and  minus  superscripts  to  denote  forwards  and  backwards 
propagation  respectively.  Sampled  variables  use  n,  k  subscripts  signifying  position  and  time. 

Table  1  Definition  and  values  of  variables  used  in  the  theory 


Symbol 

Value 

Units 

Meaning  of  symbol 

CL, 

~2^ - 

- - *■ . . 

m ' 

Atomic  cross  section  in  gain  section(s) 

aa 

'i 

m " 

Atomic  cross  section  in  absorber  section(s) 

A, 

2x10s 

s-1 - 

Non  radiative  recombination  in  gain  section(s) 

A„ 

5xl010 

s'1 

Non  radiative  recombination 

B 

1. 25x10“* 

. "n - 

ms 

Spontaneous  recombination  rate 

D 

6x10  s 

m 

Depth  of  active  laver 

G 

m“ - 

Incremental  absorption 

E 

Kg  m  s'"  c 

Optical  frequency  electric  field 

J 

- 1 — 3 - 

c  s  m 

Current  density 

K 

4.12012x10' 

nf1 

Wave  vector 

L 

ITkT1 - 

m 

Lenath  of  laser  diode 

N 

m’3 

Carrier  density 

at 

IHIF* - 

m*3 

Transparency  density 

A J fji  pr>/f* 

m-' - 

Number  of  dipoles  per  volume  of  active  medium 

P 

c  m" 

Optical  frequency  Polarization 

Q 

1.60219xl0ly 

c 

Charse  of  one  electron 

r 

m 

Position  vector 

R 

Carrier  generation  rate  per  volume 

v,L 

Sampled  slowly  varying  virtual  electric  field  amplitude 

r 

s-1 

Atomic  coefficient  of  damping 

c,. 

16 

Relative  permittivity  of  material 

cs 

4.59742xl014 

- - - 

Kg  m  s  c 

Electric  field  saturation  value 

7e 

Electric  susceptibility 

Q 

3.08795xl0l:> 

s-1 

Optical  frequency  ; 

(0 

s-1 

Detuning  frequency  relative  to  gain  peak 

2.1.  Basic  Finite  difference  equations 

Maxwell4 s  wave  equation  for  the  electric  field  is 

V2e(?j)=  -qu0^^-£0£,.ju0  df2 

In  the  absence  of  charges  and  ohmic  losses  equation  1  simplifies  to 

+  u  £  P^'ii 
dr  +  fi°  dr 


92  A 


Mo- 


dr 


V 


MMrMo 


(1) 

(2) 


By  considering  only  the  component  that  lies  parallel  to  the  laser  cavity,  the  wave  equation  becomes  a  one  dimensional 
scalar  equation,  which  with  the  aid  of  the  SVEA,  is  reduced  from  second  order  to  first  order  and  down  shifted  from  the 


optical  frequency  to  zero  frequency  to  give 
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Sz  ’  3f  2  \£„£,  '  ' 

The  electric  field  now  has  two  solutions,  one  with  a  plus  superscript,  indicating  that  it  is  traveling  to  the  right  and  the 
other  with  a  minus  superscript  meaning  that  it  travels  to  the  left.  The  tilde  is  chosen  to  indicate  slowly  varying  complex 
amplitudes.  Next  the  partial  derivatives  in  equation  3  are  converted  to  finite  difference  equations12,  l3‘ 14,  by  using  the 
equations  4,  5  and  6  to  give  equations  7  and  8. 

jflfej)  =  Lim  E±(z  +  &,t)-E±(z,t)  ^  ~  E*k  dE^jzj)  >>  (4) 

dz  &->0  &  A z  dz  dz2 

sjHz, t)  Um  eHz,  t)  -  eHz, i  -  a)  jgM>;  Ai^M  (5) 

dt  <*->«  dt  At  dt  dt 2 

The  ‘n'  and  ‘k'  subscripts  in  the  difference  equations  represent  position  sample  number  and  time  sample  number,  where 
the  continuous  electric  fields  are  sampled  into  discritised  fields  as  follows 

E*k  =  E±(nA~,  kAt)  (6) 

From  equations  3,  4,  and  5  the  difference  equation  for  the  right  propagating  wave  is. 


K*  =  Cu,  + 


ICO  Jl o_ 

2  A)  £0£,. 


And  the  difference  equation  for  the  left  propagating  wave  is. 

"«.»  <»> 

2  \ 

2.2.  Implementation  of  incremental  gain  and  carrier  generation  using  CEOs 

The  gain  in  this  model  results  from  resonant  electric  dipole  transitions  in  the  active  medium,  and  appeal's  as  an 
imaginary  part  in  the  refractive  index.  Although  the  active  medium  in  a  semiconductor  laser  diode  has  bands  of  energy 
levels  rather  than  discrete  levels,  the  gain  and  absorption  are  both  modeled  as  simple  two  level  systems  for  simplicity. 
The  atomic  charge  displacement  is  described  by  the  following  CEO  equation 

5"  Xcitom  U%  t )  !r(~*  2“*  /  \  ^ 

mc - — r — 1  =  -qE[r,tj- mj - — 1 — 1  -  mcco(>  x„,„m(z,  t)  (9) 

dr  at 

The  macroscopic  dipole  moment  is  made  up  of  the  sum  of  these  atomic  displacements  times  the  charge  q,  and  these 
displacements  are  all  subject  to  de-phasing  events  such  as  phonon  interactions  which  destroy  the  coherence  between  the 
individual  atoms,  thus  reducing  the  sum  dipole  moment.  So  in  fact  the  overall  decay  rate  is  greater  than  y,  and  is  written 
as  Ago.  The  average  electric  dipole  moment  is  defined  as 


_ ^  /  \  w dipole***  /  \  ™ dipole^  /  \ 

M\r,t)=  ^  W’r)=  Z  4x'T’f) 


The  macroscopic  polarization  is  thus  given  by  the  sum  of  the  dipole  moments15  in  a  small  volume  JU\)\  t  J  divided  by 
that  volume  AV. 


(11) 

dr  me  at 

Using  the  same  simplifications  used  earlier  in  equation  2,  the  polarization  simplifies  to 

dP^izj)  =  q  YiE±HE±(z,t)-  —  P±(z,t)  (12) 

dt  ilcome  2 

In  the  numerical  modeling  the  polarization  is  calculated  using  the  sampled  version  of  equation  12,  in  the  following  way 
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For  the  right  propagating  field 

n  +  _  5+  ,  f  4  N(lipo}cK_  ~+  __  A 0)  g+ 


P+  =  P+  _L 

rn.t  'wJt-l  T 


2/ 


■  - 


And  for  the  left  propagating  field 

S-  _  5-  1  ^dipohK  g-  _  P 


p-  =  p-  + 

Nl.Jt 


1  Af 

2/co?/.  2 


The  k  in  equations  12,  13,  and  14  is  a  carrier  density  dependent  ratio  that  is  responsible  for  determining  the  magnitude 
of  the  electric  susceptibility,  and  thus  the  amount  of  incremental  gain  or  absorption.  This  can  be  seen  by  solving 
equation  12  for  steady  state  and  rearranging  to  obtain  an  expression  for  the  electric  susceptibility 

y  (co)  =  . ^  - -  (15) 

%E\  )  _  -ry { _  f  A 


£qE(z,  t ) 


2ioje,jn\  ia>  + 


The  resulting  expression  is  clearly  a  complex  Lorentzian  function,  the  real  part  of  which  corresponds  to  phase  shift  per 
length  and  the  imaginary  part  to  the  absorption.  The  electric  susceptibility  Xe  in  equation  15  is  related  to  the  incremental 
electric  field  gain  5  and  the  carrier  density  in  the  active  medium  via  the  following  equation 

,(,0  =  - 1 


ff|£+(z,/)|2  +|£-(z,ff 


And  therefore  k  is  given  by 


K,.k  = 


luic  /v  x»  uy 

OJ£f]£,.mrAa>  a„(N„.k  ~  ) 

kq-Ndipoh  1  +  1_(\e+\2 +\e: 


As  well  as  the  gain,  the  photon  stimulated  carrier  generation  and  recombination  processes  are  also  calculated  using  the 
polarization,  using  the  power  density  found  by  multiplying  the  electric  field  by  the  rate  of  change  of  polarization  to  give 
the  absorption  power  density  below 

Ref2f2id)  £*(<:./)• +  £-(-,,)•)  (18) 

K  dt  dt  J 

This  gives  a  carrier  density  generation  rate  of 


R, ,  =—  Re(- /<+.£:, 


■  ic0KkK.k ) 


!  I  UJ 

The  carrier  density  in  this  model  is  divided  into  sections,  each  of  which  has  a  pump  term,  a  non  radiative  recombination, 
spontaneous  emission  recombination,  and  the  carrier  generation  term  quoted  above. 

Mild  =  _  A(z,  t)N(z,  t )  -  B{z,  t)N2{z,  t )  +  R{z ,  t)  (20) 

dt  qd 

When  rearranged  into  integral  form  and  sampled,  the  carrier  density  rate  equation  20  becomes 

AU,  +  (21) 


2.3.  Adding  spontaneous  emission  to  the  CEOs 

In  a  purely  classical  description  of  atomic  dipole  transitions  there  is  no  spontaneous  emission  only  stimulated  emission 
and  absorption,  but  a  fully  quantum  mechanical  treatment  tells  us  that  the  upwards  and  downwards  transition  rates  are 
not  equal,  and  that  even  in  the  absence  of  a  stimulating  electric  field,  downward  transitions  still  occur.  Quantum 
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mechanics  also  predict  that  even  at  the  ground  state  with  no  applied  field  present  there  exists  half  a  photon  of  energy. 
The  same  is  true  of  the  field  in  the  cavity.  This  residual  half  a  quantum  worth  of  energy  is  known  as  zero  point  energy 
16.  In  this  model  the  zero  point  electromagnetic  energy  in  the  cavity  is  given  as  a  viraial  electric  field  which  obeys  the 
same  propagation  as  the  ordinary  electric  field  but  is  not  however  subject  to  absorption  or  emission.  The  spontaneous 
emission  is  then  modeled  as  if  it  were  stimulated  by  the  virtual  field. 

The  slowly  varying  propagation  equation  for  the  virtual  electric  field  is  shown  below 


dz 


dV^jzj) 

dt 


This  is  sampled  to  give  the  following  propagation  equation 

T± 


v. 


n.k-l 


(22) 

(23) 


To  ensure  that  the  absorption  of  virtual  photons  does  not  take  place,  the  virtual  electric  field  is  applied  only  to  the 
downward  transition  in  the  incremental  gain  function  in  equation  17  so  that  the  polarization  equations  13  and  14  can  be 
written  as 


p± 

rn,k 


P  +  1 

riuk-\  T  ^ 


ico' 


Mo 


i  +  -L 


n,k 


+  \Ku 


p± 

rn.k-\ 


A  co 


At 


(24) 


2.4.  Boundary  conditions 

When  the  electric  field  in  the  lasing  cavity  reaches  the  ends  it  is  partially  reflected  back,  and  partially  transmitted.  We 
insert  a  source  term  at  each  of  the  end  facets  to  allow  for  external  light  injection  into  the  cavity.  The  electric  field 
boundary  conditions  are  as  follows 

For  the  left  facet  of  the  cavity  the  sampled  propagation  equation  is 
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And  for  the  right  facet  of  the  cavity  the  sampled  propagation  equation  is 
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The  equations  for  the  virtual  field  are  treated  similarly  except  that  the  field  source  terms  now  represent  the  un-quantized 
zero  point  energy  entering  the  cavity,  instead  of  an  optional  applied  field  as  before 

v£  =  tv;  +  rVJ.j  (27) 

V-,  =  tv;  +  /-k:,-,  (28) 


2.5.  Induced  grating  effects 

As  the  electric  field  propagating  to  the  right  passes  through  the  field  going  to  the  left  the  intensity  of  the  total  field 
becomes  corrugated  along  the  cavity.  Because  the  stimulated  emission  and  absorption  rates  at  any  given  point  in  the 
cavity  are  proportional  to  the  light  intensity  at  that  point,  a  corresponding  grating  in  the  carrier  density  is  created.  So  far 
in  this  paper,  the  spacing  between  sections  have  been  set  small  enough  that  any  curvature  in  the  distribution  caused  by 
gain  has  negligible  effect  on  the  accuracy  of  the  overall  longitudinal  carrier  density,  polarization  and  electric  field.  So 
the  field  profile  is  assumed  to  be  constant  in  each  section.  But  by  assuming  a  constant  distribution  in  each  section,  the 
induced  grating  effects  are  ignored.  In  order  to  increase  the  accuracy  of  the  model  the  carrier  density  and  polarization  in 
a  given  section  of  the  cavity  are  described  by  an  average  part  plus  a  sinusoidal  grating  component. 

p(z,  t)  =  fe+  +  p;t  cos(2  kz + (p)Ykz~ca)  +  fer + p;;r  cOS(2 kZ + <p)Y-kz-M)  w 
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N(z,  t )  =  N*k  +  Re(CS )cos(2fe)  -  Im^Jsin (2 kz)  (3°) 

The  (j>  in  equation  29  is  approximately  given  by  the  angle  of  the  sinusoidal  component  of  the  carrier  density  in  equation 
30,  and  represents  the  fact  that  the  position  of  the  induced  grating  can  move  relative  to  the  cavity.  This  relationship 
becomes  approximate  for  fluctuating  electric  fields  due  to  the  finite  response  time  of  the  polarization. 

The  new  polarization  equations  are  as  follows. 
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And  for  the  left  facing  polarization 
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The  equations  for  the  non  corrugated  parts  of  the  polarization  remain  the  same  as  they  previously  were  in  equation  24. 
However  the  electric  field  propagation  equations  now  include  an  extra  term. 
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The  first  rounded  bracket  of  equation  34  contains  the  usual  averaged  power  flow  terms  of  equation  19.  While  the  second 
bracket  contains  the  contribution  of  the  grating  to  the  average  power,  and  remains  zero  unless  there  is  both  an  induced 
grating  present  and  an  electric  field  propagating  in  both  directions. 
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Equation  35,  describes  the  carrier  density  generation  rate  of  the  grating  itself,  with  the  first  rounded  bracket  containing 
the  grating  generation  terms,  and  the  second  bracket  the  extinction  terms. 
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The  upgraded  rate  equations  are 
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3.  RESULTS 

As  was  anticipated  from  equation  15,  the  gain  resulting  from  the  CEO  dipole  moment  was  found  to  produce  Lorentzian 
gain  and  absorption  spectra,  shown  below  in  figure  1,  using  equations  7  and  13  to  model  200pm  of  active  medium  with 
a  fixed  carrier  density  and  no  end  reflectance.  With  a  FWHM  of  ITHz,  the  model  was  found  to  be  numerically  stable 
from  about  10  cavity  sections  onwards,  and  gave  very  consistent  results  for  larger  numbers  of  sections  (50  and  above). 
The  graphs  obtained  compare  favorably  with  other  authors*  findings.  17 
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Fig  i  Numerically  modeled  electric  susceptibility  curves  for  200um  of  gain  medium  with  a)  a  total  gain  of  ln(2)  and  b)  a  total 
absorption  of  ln(2). 


Using  Equations  7,  13  and  21  it  was  found  that  when  a  pulse  of  sufficiently  large  magnitude  was  fed  into  an  unbiased 
block  of  active  medium,  Rabi  oscillations  were  observed  18,  see  an  example  in  figure  2.  The  frequency  of  these 
oscillations  appeared  to  increase  linearly  with  electric  field  amplitude,  but  display  a  square  root  dependence  upon  the 
spectral  bandwidth  of  the  CEO  dipole  in  equation  13,  see  figure  3.  This  again  is  in  keeping  with  excepted  theory7. 


Fig  2,  Rabi  oscillations  induced  by  a  step  function  electric  Fig  3  Rabi  oscillation  frequency  from  model,  showing  a 

field  of  GV/m.  linear  dependence  on  electric  field  amplitude  and  a  square 

root  dependence  on  gain  bandwidth. 


To  test  the  induced  grating  effect  it  was  decided  to  numerically  model  the  sending  of  a  series  of  counter  propagating 
Gaussian  and  rectangular  pulses  through  a  200pm  long  block  of  antireflection  coated  gain  medium,  at  a  forward  bias  of 
100mA,  using  the  full  set  of  equations.  We  began  with  a  Gaussian  pulse  traveling  to  the  right,  followed  by  a 
bidirectional  rectangular  pulse  of  Ins  duration,  which  is  sufficiently  long  to  ensure  the  build  up  of  the  induced  grating. 

A  second  Gaussian  pulse  was  then  inserted,  also  traveling  to  the  right.  As  expected  there  was  found  to  be  no  reflection 
from  the  first  pulse  since  there  was  no  induced  grating  present,  but  the  second  Gaussian  pulse  produced  an  easily 
detectable  reflection  shown  in  figure  4.  It  was  observed  that  when  the  left  and  right  components  of  the  bidirectional 
pulse  were  at  different  frequencies,  the  earner  density  grating  was  found  to  rotate  in  the  complex  domain  at  the 
difference  between  the  frequencies,  representing  a  moving  grating  rather  than  a  stationary  one.  The  magnitude  of  the 
grating  was  found  to  decrease  as  the  difference  between  the  frequencies  was  increased.  Interestingly  the  spontaneous 
emission  rate  is  greater  when  an  induced  grating  is  present.  This  can  be  explained  by  the  AC  dipole  equations  of  3 1  and 
32  which  produce  no  spontaneous  emission  unless  a  corrugation  is  present.  This  effect  can  also  be  understood  by  the 
fact  that  spontaneous  emission  rate  is  proportional  to  the  mean  square  of  the  carrier  density,  which  is  larger  when 
corrugated. 
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As  a  prelude  to  our  mode  locking  work  it  was  decided  to  prove  that  this  model  could  demonstrate  pulse 
shortening  using  a  saturable  absorber  10'  u.  It  was  decided  to  numerically  model  a  Gaussian  pulse  being  transmitted 
through  a  reverse  biased  saturable  absorber  of  40pm  length  with  antireflective  coatings,  as  can  be  seen  in  figure  5.  The 
pulse  emerging  from  the  far  side  of  the  absorber  was  indeed  narrower  than  that  which  entered.  And  the  degree  of  pulse 
shortening  was  found  to  improve  with  increasing  non  radiative  decay  rate.  This  implies  that  either  ion  implantation,  or 
more  likely  an  increased  reverse  bias  could  be  used  to  improve  pulse  compression. 


Fig  4.  Reflection  of  an  input  pulse  by  an  optically  induced  Fig  5  Single  pass  pulse  compression  using  a  40pm  reverse 

refractive  index  grating  using  200pm  of  unbiased  gain  biased  absorber  section  with  antireflective  facet  coatings, 

medium,  showing  the  reflection  before  and  after  the 
application  of  a  bi-directional  pulse. 

For  the  self-pulsation  study  a  two  section  Fabry  Perot  laser  diode  was  modeled  with  a  160pm  gain  section,  and  a  40pm 
reverse  biased  absorber.  The  non  radiative  decay  rate  in  the  absorber  was  set  higher  to  account  for  the  carrier  sweep  out 
effect  of  the  reverse  bias.  Because  the  cavity  was  short  and  the  absorber  too  slow  for  substantial  pulse  compression  no 
mode  locked  pulses  were  observed.  Instead  a  stream  of  fairly  jittery  pulses  was  produced.  Each  pulse  having  a  Gaussian 
shape,  seen  in  figure  6a,  with  a  sequence  of  higher  frequency  ripples  having  a  repetition  rate  consistent  with  the  cavity 
round  trip  time  shown  in  the  inset  of  figure  6a.  These  ripples  were  shaped  differently  on  every  pulse  indicating  that  the 
phase  between  each  mode  changes  randomly  between  pulses.  The  random  phase  between  the  different  modes  seems  to 
be  the  cause  of  the  amplitude  jitter.  This  randomness  is  present  because  each  pulsation  is  seeded  by  the  spontaneous 
emission,  which  is  incoherent.  The  incoherent  pulse  seeding  results  in  a  spreading  of  the  frequency  spectrum  of  each 
mode,  resulting  in  the  spectrum  shown  in  figure  6b. 


Time,  s  (xIO’8)  Wavelength,  m  (xltr  ) 


Fig  6  Self -pulsations  in  a  57.12mA  asymmetrically  pumped  200pm  long  Fabry  Perot  cavity  containing  a  40pm  reverse  biased 
saturable  absorber,  showing  a)  time  domain,  and  b)  frequency  domain. 
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For  mode  locking  the  right  hand  facet  was  made  anti  reflective  and  a  6.7mm  external  cavity  was  formed  with  an 
external  mirror.  The  mirror  reflectivity  was  set  the  same  as  that  of  the  left  hand  facet.  The  saturable  absorber  was  placed 
on  the  left  and  the  non  radiative  recombination  rate  in  the  absorber  was  increased  to  lxlO11  to  increase  the  pulse 
compression  ratio.  The  bias  current  was  set  to  100mA.  The  initial  gain  switched  pulse  contained  many  unsynchronized 
modes  and  so  had  a  very  jagged  edge,  but  was  not  as  intense  as  the  mode  locked  pulses  that  followed  because  the 
energy  was  spread  over  a  wider  width.  Immediately  after  the  first  pulse  followed  relaxation  oscillations,  containing 
rapidly  narrowing  pulses  as  all  the  modes  became  locked.  This  was  followed  by  a  stream  of  mode  locked  pulses  with  a 
slight  amplitude  modulation  caused  by  weak  self-pulsation,  shown  in  figure  7a.  These  results  are  similar  to  ones  shown 
in  other  publications19' 10  The  pulses  themselves  as  shown  in  7b  appeared  to  be  Gaussian  in  shape. 


Fig  7  20GHz  passively  mode  locked  pulse  generation  from  a  100mA  asymmetrically  pumped  200pm  long  laser  diode  with  a  6.7mm 
external  cavity,  with  a)  showing  the  evolution  from  the  transient  response  into  steady  state,  and  b)  showing  a  close  up  of  two  of  the 
steady  state  pulses. 


4.  CONCLUSION 

At  the  time  of  writing  this  paper  this  model  has  been  far  from  extensively  studied,  so  there  are  likely  to  be  many 
interesting  and  quite  possibly  unique  results  yet  to  be  obtained,  but  already  some  interesting  differences  have  come  to 
light  between  this  model  and  the  usual  techniques  of  others.  Firstly  in  this  model  the  presence  of  large  pulses  with  fast 
rise  times  can  result  in  Rabi  oscillations,  so  one  may  well  conclude  that  this  will  have  an  effect  on  the  formation  of 
mode  locked  pulses  as  we  strive  to  create  pulses  ever  closer  to  the  transform  limit.  Secondly  it  is  common  practice  to 
take  the  induced  grating  as  being  created  by  the  product  of  the  magnitude  of  the  forwards  and  backwards  propagating 
fields,  times  the  average  gain.  This  implies  that  a  grating  could  be  induced  even  if  the  left  and  right  going  fields  have 
different  frequencies.  In  this  model  however  the  use  of  dipolar  power  flow  has  necessitated  a  complex  carrier  density 
grating,  resulting  in  a  grating  that  actually  moves  along  the  cavity  when  the  frequencies  differ,  and  has  magnitude 
related  to  not  only  the  strength  of  the  left  and  right  fields  but  also  to  the  temporal  coherence  between  them. 
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APPENDICES 


SVEA  approximations  used  in  this  paper 

The  one  dimensional  electric  field  is  given  by  the  sum  of  the  left  and  right  propagating  fields  thus. 

E{z,  t )  =  E+(z,  t)ei(k-~-(0,)  +  E~{z, 

The  polarization  is  also  given  the  same  treatment. 

p(z,t)= 

The  one  dimensional  wave  equation  is. 

d-Et(z,ty*c"' _ ,  „  d'-pdz'ty^-' 


dt2 


~  +  Mo ' 


dt2 


Expanding  the  above  equation  gives  second  order,  first  order,  and  zero  order  terms. 
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The  SVEA  states  that - - - «  CO - «  CO' E  ( Z,  t )  and  so  the  smallest  terms  from  each  side  are  ignored 
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This  process  may  also  be  repeated  for  the  CEO 
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This  may  be  expanded  to  give 
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me  dt 

Applying  the  SVEA  to  the  above  around  the  resonant  frequency  of  the  optical  transition  co0  gives 

BP^izj)  =  q  Njipotc^  ~±^  Aa  p± ^  ^ 
dt  ilconi.  2 


Optical  gain 

If  we  let  the  optical  frequency  electric  field  grow  exponentially  with  respect  to  the  z  axis,  with  the  gain  part  represented 
by  an  electric  susceptibility  as  follows 

=  e^{z^ 0?rVQ  +*07WE 

Taking  the  derivative  of  this  with  respect  to  distance  yields 

dE(z,  f)  _  .  (  I  _  ,  ^£oMo£rZE  1  eV-  A  _  :il i  ,  Xe  Irf-  A 


m  ^£0erju0  +  • 


E(z,t)  =  ik  1  +  -^-  E(zj) 

2eJ 


The  incremental  electric  field  gain  is  thus  given  by  the  imaginary  part  of  the  electric  susceptibility  as  follows 

2e, 
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ABSTRACT 

The  laser  diodes  and  laser  bars  with  InGaAlAs/GaAs  active  region  are  attractive  as  high  power  devices  operating  at 
around  808  nm.  The  quaternary  InGaAlAs  active  region  seems  to  have  distinctive  advantages  over  the  standard  GaAs 
quantum  well  construction.  The  most  important  of  them  is  that  quantum  wells,  required  to  achieve  desired  wavelength 
can  be  wider,  which  provides  better  carrier  confinement.  Another  advantage  is  better  thermal  conductivity  of  InGaAlAs 
as  comparing  to  GaAs.  We  have  modeled  single  and  double  quantum  well  separate  confinement  heterostructure  lasers 
with  various'cavity  lengths.  The  well  thickness  and  indium  content  in  the  active  region  were  optimized  to  obtain  808  nm 
wavelength  with  acceptable  threshold  current  density.  Numerical  simulation  based  on  the  selfconsistent  solution  of  drift 
diffusion  equations,  Schrodinger  equation  and  photon  rate  equation  has  been  used  to  optimize  the  high  power  lasers 
design.  In  this  work  we  have  used  commercial  simulation  package  PICS3D  developed  by  Crosslight  Soft.  Inc. 

Keywords:  computer  simulation,  quantum  wells,  semiconductor-semiconductor  heterostructures,  InGaAlAs/GaAs 

1.  INTRODUCTION 

High  power  laser  diodes  and  laser  bars  have  found  wide  spread  applications  as  optical  pumps  for  solid  state  lasers,  in 
medicine  and  in  material  processing.  InGaAlAs/GaAs  diode  lasers  were  recently  reported1"  as  highly  efficient  and 
reliable  light  sources  emitting  at  808  nm.  The  quaternary  InGaAlAs  active  region  seems  to  have  distinctive  advantages 
over  the  standard  GaAs  quantum  well  construction.  The  chief  of  them  is  that  we  can  use  wider  quantum  wells,  which 
provide  better  carrier  confinement,  to  achieve  desired  emission  wavelength.  Although  similar  effect  can  be  obtained 
with  AlGaAs  active  region,  the  simultaneous  addition  of  In  stabilizes  crystal  lattice  and  makes  InGaAlAs/GaAs  lasers 
less  prone  to  degradation.  The  another  advantage  of  InGaAlAs/GaAs  lasers  is  that  they  are  natural  extension  of 
InGaAs/GaAs  type  lasers,  which  technology  is  very  well  developed  \  High  reliability  of  InGaAs/GaAs  lasers,  attributed 
to  indium  related  lattice  hardening  effect.,  and  their  low  threshold  currents,  resulting  from  stiain  related  band  structuie 
modifications  in  the  case  of  InGaAlAs/GaAs  lasers  have  a  chance  to  be  augmented  by  their  superior  thermal 
properties  4'6. 

Since  there  is  only  a  few  experimental  papers  in  the  literature,  dealing  with  this  type  of  lasers  and  because  the 
quaternary  active  regions  offers  more  degrees,  of  freedom  in  manipulating  its  parameters  it  is  important  to  evaluate 
theoretically  possible  designs  and  to  optimize  them  with  respect  to  the  threshold  current  value.  It  has  to  be  also 
mentioned  that  not  all  designs  are  equally  feasible  from  technological  point  of  view.  The  limitations  are  either  of  the 
pure  materials  origin,  resulting  from  an  excessive  lattice  mismatch  between  the  layers,  or  they  are  duectly  related  to  the 
growth  method,  like  for  example  the  ones  resulting  from  thermal  lag  of  molecular  fluxes  and  a  consequent  inability  to 
change  them  rapidly  in  MBE  technology.  We  have  kept  those  limitations  in  mind  while  testing  different  laser 
constructions. 


2.  DETAILS  OF  MODELING 

Numerical  modeling  is  very  important  tool  for  optimization  of  semiconductor  lasers  and  can  significantly  decrease  the 
number  of  technological  processes  needed  for  particular  device  development.  Optical  and  electrical  parameters  like 
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emitted  wavelength  and  threshold  current  are  the  primarily  goal  of  theoretical  analysis.  In  this  work  we  have  used 
PICS3D  simulation  package  developed  by  Crosslight  Soft.  Inc.7.  Transport  of  electrons  and  holes  in  a  laser  is  described 
by  the  standard  drift-diffusion  model,  consisting  of  three  differential  equations:  Poisson’s  equation  and  continuity 
equations  for  electrons  and  holes,  which  govern  the  electrical  behavior  of  a  semiconductor  laser  and  are  solved 
selfconsistently  with  wave  equation  and  photon  conservation  equation.  The  electron  and  hole  confinement  energies  in 
the  quantum  well  active  region  are  obtained  from  the  Schrodinger  equation. 

The  model  allows  for  including  band  nonparabolicity  and  valence  band  mixing  effects  as  well  as  strain  effects  in  the 
calculations.  At  the  first  step  gain  spectra  are  calculated  and  the  wavelength  range  in  which  lasing  is  likely  to  occur  is 
specified.  At  the  next  step  bias  is  applied  to  the  device  and  light-current  characteristic  is  calculated  together  with  the 
number  of  other  characteristics  of  the  laser.  From  the  point  of  view  of  optimization  of  different  laser  designs  the  most 
important  characteristics  which  are  to  be  calculated  are  threshold  current,  differential  (slope)  efficiency  and  emission 
wavelength. 


Wavelength  [jam] 

Fig.  1.  Optical  gain  spectrum  of  80  A  SQW  Ino.24Gao.57Alo.19As  laser. 

3.  RESULTS  AND  DISCUSSION 

The  lasers  were  designed  for  the  operation  at  around  808  nm,  suitable  for  pumping  Nd-YAG  solid  state  lasers.  The  laser 
structures  investigated  consisted  of  single  (SQW)  or  double  (DQW)  Ino.24Gao.54Alo.19As/Alo.25Gao.75As  quantum  well 
surrounded  by  Alo.25Gao.75As  waveguide  layers  and  Alo.4Gao.6As  cladding  layers.  The  total  waveguide  thickness  was 
equal  to  0.3  pm,  the  cladding  layer  thickness  was  1.2  pm  each.  The  thickness  of  well  is  equal  80  A  for  SQW  and  DQW 
and  the  barrier  is  100  A  thick  (DQW).  The  length  of  the  laser  cavity  varied  from  400  pm  to  1200  pm.  The  specific 
device  which  has  been  modeled  was  a  broad  contact  W  =  100  pm  laser.  All  calculation  results  refer  to  a  constant 
temperature  of  300  K. 
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Fig.  2.  Spectral  characteristic  of  80  A  SQW  Ino.24Gao.57Alo.19As  laser. 

Indium  content  in  the  quantum  well  as  well  as  the  considered  values  of  the  quaternary  active  layer  composition  weie 
technologically  imposed.  The  first  ones  by  the  critical  thickness  of  strained  layer,  the  second  by  the  specificity  of  MBE 
process.  Higher  than  29%  indium  content  was  not  considered  since  in  that  case,  the  lattice  mismatch  between  the  well 
and  barriers  is  such  that  it  prevents  a  successful  growth.  Active  region  with  Ino.24Gao.54Alo.19As/Alo.25Gao.75As  quantum 
well  was  chosen  after  theoretical  optimization  presented  elsewhere8. 

The  optical  gain  spectrum  for  this  laser  is  shown  in  Fig.  1 .  Lines  are  drawn  for  different  concentrations  of  injected 
electrons  from  5  x  1017  cm'3  to  5  x  1018  cm'3.  Maximum  gain  indicates  approximate  wavelength  of  the  lasing  mode. 
Fig. 2  presents  spectral  characteristic  for  the  considered  laser.  The  wavelength  of  the  dominant  longitudinal  mode  is 
almost  exactly  equal  to  808  nm. 

Fig.  3  shows  calculated  threshold  current  density  for  SQW  and  DQW  lasers  with  different  cavity  lengths.  For  longer 
cavities  threshold  current  density  is  higher  for  double  quantum  well  but  the  difference  between  those  lines  decreases 
when  cavity  becomes  shorter.  The  threshold  current  density  is  slightly  bigger  for  SQW  with  the  cavity  length  equal  500 

pm  or  shorter. 

Above  threshold,  the  lasing  power  is  given  by  the  expression: 


q  <? 


(1) 


and  rises  almost  linearly  with  increasing  injection  current,  which  can  be  seen  in  Fig.  4ab,  showing  P(I)  characteristics 
for  modeled  SQW  and  MQW  lasers  with  different  resonator  length.  The  P(I)  stands  for  total  optical  power  emitted  from 
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both  facets  of  a  symmetric  Fabry-Perot  laser.  The  slope  efficiency  is  proportional  to  the  differential  quantum  efficiency 
r)d,  which  depends  on  the  internal  optical  loss  oq  ,  on  the  mirror  loss  am  and  on  the  injection  efficiency  r|i,  i.e.,  the 
fraction  of  total  current  increment  that  results  in  stimulated  emission  of  photons.  The  differential  quantum  efficiency, 
determined  from  calculated  P(I)  characteristics  is  plotted  versus  cavity  length  for  SQW  and  DQW  lasers  in  Fig.  5.  For 
both  types  of  lasers  we  observe  that  the  differential  quantum  efficiency  increases  when  cavity  length  decreases.  The 
maximum  value  of  qd  =  64%  and  54%  for  shortest  (L=400  pm)  SQW  and  DQW  lasers,  respectively.  This  is  in 
agreement  with  the  standard  expression  showing  inverse  slope  efficiency  as  a  function  of  cavity  length9: 
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Fig.  3.  Threshold  current  density  versus  cavity  length  for  SQW  and  DQW  lasers. 

The  eq.(2)  is  based  on  the  assumption  that  T|j  and  otj  do  not  change  with  laser  length.  This  assumption  is  questionable  in 
very  short  cavity  lasers,  below  certain  critical  length10.  The  main  source  of  deterioration  of  differential  efficiency  in 
short  cavity  lasers  is  an  increase  of  internal  loss  0Cj  caused  free  carrier  absorption  which  rises  proportionally  to  the  carrier 
concentration.  The  mirror  loss  coefficient  rises  with  shorter  cavity  lengths,  requiring  higher  gain  and  consequently  more 
carriers  in  the  quantum  well.  In  general  this  also  causes  higher  leakage  losses  due  to  the  escape  of  carriers  from  quantum 
well  into  waveguide  layers.  As  it  can  be  seen  from  our  calculations  this  slope  efficiency  limitation  mechanisms  are 
negligible  for  the  lasers  with  cavity  length  L>400  pm. 


Proc.  of  SPIE  Vol.  5349  449 


(a) 


(b) 


Fig.  4.  Examples  of  P(I)  characteristics  calculated  for  SQW  (a)  and  DQW  (b)  lasers  with  different  cavity  length. 

Thermal  phenomena  are  very  important  in  high  power  application  of  lasers.  The  self-heating  of  the  laser  causes 
threshold  current  increase  and  slope  efficiency  decrease.  One  the  major  causes  of  these  phenomena  is  optical  gain 
reduction  with  temperature.  We  have  studied  that  mechanism  in  details. 
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Fig.  5.  Differential  quantum  efficiency  versus  cavity  length  for  SQW  and  DQW  lasers. 


Fig.  6  shows  peak  material  gain  plotted  versus  recombination  current  density  in  the  active  region  -  equal  to  the 
spontaneous  recombination  rate  times  the  active  region  thickness.  Calculations  were  made  for  few  temperatures  from 
300K  to  380K.  Peak  material  gain  decreases  considerably  with  temperature  increase.  The  other  effects,  which  might  in 
this  case  contribute  to  the  deterioration  of  laser  performance  with  temperature  are  vertical  and  lateral  carrier  leakage. 

4.  CONCLUSIONS 

The  InGaAlAs/GaAs  lasers  are  a  novel  construction,  difficult  from  the  technological  point  of  view,  but  very  promising 
as  compared  to  standard  GaAs  lasers  designed  for  operation  at  808  nm.  In  order  to  get  this  wavelength  with  GaAs  active 
region  we  need  very  thin  active  regions,  which  results  in  poor  carrier  confinement  and  an  increased  threshold. 
Additionally,  due  to  the  discrete  nature  of  the  layer  thickness  variation  (the  effect  being  more  pronounced  in  thin  wells 
comparing  to  thicker  ones)  it  is  difficult,  if  not  impossible,  to  obtain  specified  wavelength,  required  by  the  applications. 
The  use  of  InGaAlAs  as  an  active  region  allows  for  obtaining  808  nm  emission  wavelength  with  a  considerably  thicker 
quantum  wells  than  it  is  in  the  case  of  GaAs.  Although  similar  effect  can  be  obtained  with  AlGaAs  active  region,  the 
simultaneous  addition  of  In  stabilizes  crystal  lattice  and  makes  InGaAlAs/GaAs  lasers  less  prone  to  degradation. 

The  numerical  simulations  performed  allowed  us  to  specify  laser  designs  suitable  for  Nd:YAG  pumping  applications. 
The  lasers  with  SQW  and  MQW  active  region  were  compared,  showing  slightly  better  performance  of  SQW  lasers. 
The  differential  quantum  efficiency  of  the  lasers  with  different  cavity  length  has  been  analyzed.  The  maximum 
value  of  r|j  =  64%  and  54%  for  shortest  (L=400  pm)  SQW  and  DQW  lasers,  respectively  has  been  found.  The  well 
thickness  and  indium  content  in  the  active  region  were  optimized  to  obtain  808  nm  wavelength  with  acceptable 
threshold  current  density. 
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Fig.  6.  Peak  material  gain  plotted  versus  recombination  current  density  in  the  active  region. 
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ABSTRACT 

Crystalline  silicon  being  ubiquitous  throughout  the  microelectronics  industry  has  an  indirect  bandgap.  and  therefore  is 
incapable  of  light  emission.  However,  strong  room  temperature  visible  and  near-IR  luminescence  from  non-crystalline 
silicon,  e.£..  amorphous  silicon,  porous  silicon,  and  black  silicon,  has  been  observed.  These  silicon  based  materials  are 
morphologically  similar  to  each  other,  and  have  similar  luminescence  properties.  We  have  studied  the  temperature 
dependence  of  the  photoluminescence  from  these  non-crystalline  silicons  to  fully  characterize  and  optimize  these 
materials  in  the  pursuit  of  obtaining  novel  optoelectronic  devices. 


Keywords:  amorphous  silicon,  black  silicon,  non-crystalline  silicon,  porous  silicon,  plasma  enhanced  chemical  vapoi 
deposition,  photoluminescence.. 

1.  INTRODUCTION 

Interest  in  silicon  (Si)  as  a  material  for  optoelectronics  has  increased  recently.  With  modem  process  techniques,  it  will 
be  possible  to  integrate  lasers,  photodetectors,  and  waveguides  into  optoelectronic  silicon  motherboards  to  route  and 
modulate  optical  sfgnals  within  such  silicon  motherboards.  Integrated  silicon  optoelectronics  is  a  rapidly  developing 
field  Discrete  and  integrated  devices  such  as  photodetectors,  modulators,  light  emitters,  resonant  cavity  enhanced 
(RCE)  photodetectors,  waveguides,  photonic  bandgap  filters,  optical  amplifiers,  optical  interconnects,  and 
optoelectronic  integrated  circuits  are  already  being  realized.  However,  most  of  these  devices,  with  the  exception  of  light 
emitters,  are  fabricated  using  crystalline  silicon.  Light  emission  requires  the  use  of  amorphous  silicon,  since  crystalline 
silicon  can  not  emit  light  due  to  its  indirect  bandgap.  With  modern  process  techniques,  it  will  be  possible  to  integrate 
lasers,  photodetectors,  and  waveguides  into  Si  motherboards  23  for  wavelength  division  multiplexing  (WDM) 
applications 4. 

2.  EXPERIMENTAL  PHOTOLUMINESCENCE  SETUP 

The  room  temperature  PL  setup  consists  of  a  pump  laser,  a  spectrometer,  a  lock-in  amplifier,  and  a  digital  oscilloscope. 
The  collected  PL  signal  is  imaged  to  the  entrance  slit  of  the  spectrometer,  whose  output  is  fed  to  a  sensitive 
photomultiplier  tube  (PMT).  A  lock-in-amplifier  is  providing  the  necessary  electronic  gain  to  the  PMT  output  gain  in 
phase  with  the  laser  pulse.  The  digital  oscilloscope  is  used  for  monitoring  and  optimizing  the  PMT  signal.  All  of  the 
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measurement  and  test  devices  are  computer  controlled  and  the  data  is  acquired  digitally.  For  the  room  temperature 
measurements  at  300  K  the  samples  are  attached  to  a  holder.  For  low  temperature  measurements  the  samples  are  placed 
in  a  closed  cycle  cryostat  system.  The  closed  cycle  cryostat  system  is  used  to  control  the  sample  temperature  from  10  K 
to  300  K. 


3.  AMORPHOUS  SILICON 

In  the  optoelectronics  and  microelectronics  industry  silicon  is  the  most  widely  used  semiconductor,  not  only  in  its 
crystalline,  but  also  in  its  amorphous  form.  Being  a  direct  band-gap  material,  5  unlike  crystalline  silicon,6  amorphous 
silicon  is  unmatched  as  a  photoreceptor  for  laser  printing,  for  switching  elements  in  large  area  liquid  crystal  displays, 
for  large  photovoltaic  panels,  and  any  other  application  that  calls  for  a  high  quality  semiconductor  that  can  be  processed 
on  large  areas  or  on  curved  or  flexible  substrates.  It  is  generally  agreed  that  the  terms  amorphous  solid,  non-crystalline 
solid,  disordered  solid,  glass,  or  liquid  have  no  precise  structural  meaning  beyond  the  description  that,  the  structure  is 
not  crystalline  on  any  significant  scale.  The  principal  structural  order  present  is  imposed  by  the  approximately  constant 
separation  of  nearest-neighbor  atoms  or  molecules.  Until  the  early  1970’s,  amorphous  silicon  prepared  by  evaporation 
or  sputtering  was  not  considered  as  one  of  the  valuable  semiconductor  materials,  because  of  high  density  of  electronic 
states  in  the  band  gap  related  to  a  large  density  of  structural  defects.  7  The  discovery  of  an  amorphous  silicon  material 
prepared  by  the  glow  discharge  deposition  of  silane,  which  can  be  doped  and  whose  conductivity  can  be  changed  by  ten 
orders  of  magnitude  marked  a  turning  point  and  opened  a  new  research  area.  Most  interest  focused  on  hydrogenated 
amorphous  silicon  and  its  alloys,  since  hydrogen  by  removing  dangling  bonds  eliminates  non-radiative  recombination 
centers,  that  are  responsible  for  reduced  luminescence  efficiency  (and  reduced  photovoltaic  efficiency)  and  allows 
doping.  8  Hydrogenated  amorphous  silicon  (a-Si:H)  is  already  an  established  material  in  semiconductor  technology  9. 
The  major  application  of  a-Si:H  is  photovoltaics,  color  detectors,  and  active  matrix  displays.  The  primary  attribute  of 
the  technology  is  its  large  area  capability,  which  is  unavailable  with  other  technologies.  Another  advantage  of  the 
hydrogenated  amorphous  silicon  is  that,  it  can  be  deposited  by  plasma  enhanced  chemical  vapor  deposition  (PECVD) 
onto  almost  any  substrate  at  temperatures  below  500  K,  which  makes  it  compatible  with  the  microelectronic 
technology.  This  property  justifies  the  interest  in  a-Si:H  as  a  potential  optoelectronic  material.  Planar  waveguides  are 
already  being  realized  from  a-Si:H  10.  The  advantage  of  a-Si:H,  as  well  as  porous  silicon  (  -Si),  is  that,  they  attract 
interest  as  a  potential  optical  gain  medium,  because  of  their  room  temperature  visible  electroluminescence  (EL)  and 
photoluminescence  (PL).  Recently,  we  have  observed  visible  PL  from  a-Si:H,  as  well  as  its  oxides  (a-SiOx:H)  and 
nitrides  (a-SiNx:H)  grown  by  low  temperature  PECVD.  11  While  the  exact  mechanism  of  the  occurrence  of  the  PL  in 
bulk  a-SiNx:H  is  still  under  discussion,  the  quantum  confinement  model  is  a  widely  accepted  12  In  the  quantum 
confinement  model  the  material  consist  of  small  a-Si  clusters  in  a  matrix  of  a-SiNx:H.  The  regions  with  Si-H  and  Si-N, 
having  larger  energy  gaps  due  to  strong  Si-H  and  Si-N  bonds,  isolate  these  a- Si  clusters,  and  form  barrier  regions 
around  them.  The  PL  originates  from  the  a-Si  clusters.  A-SiNx:H  can  be  grown  both  with  and  without  ammonia  (NH3). 
The  samples  grown  without  NH3  are  referred  to  as  the  Si  rich  samples.  The  luminescence  of  these  samples  is  in  the  red- 
near-infrared  part  of  the  optical  spectrum.  The  samples  grown  with  NH3  and  annealed  at  800°  C  are  referred  to  as  the 
nitrogen  rich  samples.  The  luminescence  of  these  samples  is  in  the  blue-green  part  of  the  optical  spectrum  13. 

3.1.  Temperature  dependence  of  the  amorphous  silicon  photoluminescence 

Figure  3.1  shows  the  PL  spectra  of  the  a-SiNx:H  measured  in  the  550  -  900  lmi  wavelength  and  in  the  12  -  298  K 
temperature  range  at  a  constant  excitation  laser  intensity  of  0.1  W  cm'".  A  broad  PL  band  centered  at  710  lmi  (Ep  = 
1.746  eV)  at  12  K  is  observed.  The  PL  spectra  have  approximately  a  Gaussian  lineshape  modulated  slightly  by  Fabry- 
Perot  resonances.  These  resonances  are  due  to  the  Fresnel  reflections  from  the  a-SiNx:H  film  surfaces.  The  PL  intensity 
decreases  with  increasing  temperature.  This  feature  is  typical  of  the  PL,  which  is  due  to  donor- acceptor  pair  transitions 
observed  in  semiconductors.  The  variation  of  the  PL  peak  with  respect  to  temperature  is  plotted  in  the  figure  3.2.  In  the 
12  -  170  K  range,  the  PL  intensity  decreases  slowly.  Above  170  K,  however,  the  PL  intensity  decreases  at  a  larger  rate 
due  to  a  thermal  quenching  process.  The  activation  energy  AE  for  this  thermal  quenching  process  can  be  derived  in  the 
170  -  298  K  temperature  range  using  a  nonlinear  least  squares  fit  to  the  following  equation,  I  =  I0  exp  (AE/kBT),  where 
I  is  the  PL  intensity,  L  a  proportionality  constant,  and  kB  the  Boltzmann’s  constant.  The  semilog  plot  of  the  emission 
band  intensity  as  a  function  of  the  reciprocal  temperature  gives  a  straight  line  in  the  170  -  298  K  region.  An  activation 
energy  of  Ea  =  0.027  eV  for  the  emission  band  is  derived  from  the  slope  of  the  straight  line  fit.  This  activation  energy  is 
associated  with  a  shallow^  level  located  at  0.027  eV  from  the  band.  This  shallow  level  in  undoped  a-SiNx:H  may  be 
associated  with  the  presence  of  defects  and  unintentional  impurities. 
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Figure  3.1.  PL  spectra  of  a-SiNx:H  in  the  12  -  298  K  temperature  range. 
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Figure  3.2.  Temperature  dependence  of  a-SiN^H  PL  intensity  at  the  emission  band  maximum.  Intensive 
quenching  starts  at  170  K. 

3.2.  Surface  morphology  of  the  amorphous  silicon 

Atomic  force  microscopy  (AFM)  has  been  performed  the  on  the  a-SiNx:H  samples  to  characterize  the  morphology  of 
the  surface  and  to  analyze  origin  of  the  luminescence.  The  surface  of  the  a-SiNx:H  is  optically  flat  and  thus  amenable 
for  the  growth  of  multiple  lavers.  This  is  necessary  condition  for  the  realization  of  the  one-dimensional  PBG 
microcavity.  The  surface  morphology  of  the  a-SiNx:H  is  quite  uniform.  The  bulk  of  the  material  is  composed  of 
globules  of  a-SiNx:H  and  is  similar  to  -Si.  Figure  3.3  shows  the  medium  resolution  AFM  picture  of  the  silicon  rich  a- 
SiNx:H  surface.  Additionally,  although  the  surface  is  flat  optically,  it  is  quite  rough  in  the  100  nm  range,  which 
corresponds  to  the  average  globule  size. 
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Figure  3.3.  Medium  resolution  AFM  of  the  silicon  rich  a-SiNx:H  surface. 


4.  POROUS  SILICON 

Similar  to  hydrogenated  amorphous  silicon  (a-Si:H),  porous  silicon  (  -Si)  also  exhibits  room  temperature  visible  PL  14. 
Semiconductor  microcavity  effects  have  been  applied  to  -Si.  after  the  observation  of  room  temperature  visible  PL  )15 
made  -Si  a  potential  optical  gain  medium.16  Steady  state  17'  18  19  and  temporally  resolved.  20  single  and  multiple21 
microcavity  controlled  PL  in  -Si  has  been  observed  experimentally  22'  23'  24  and  calculated  theoretically  2:>.  The 
possibility  of  using  -Si  microcavities  as  chemical  sensors  has  been  investigated  26.  In  addition,  microcavity  controlled 
PL  has  been  observed  in  -Si  inorganic-organic  structures.  27  as  well  as  Si/SiOx  superlattices.  28‘29'30  SiCL/TiCL 
microcavities.31  SiOx/WOy,  and  SiOx/MOy  multilayers32  have  been  fabricated.  Microcavity  controlled 
electroluminescence  (EL)  of  -Si  has  been  reported.33' 34  Interference  filters  35  and  optical  waveguides  36  have  also 
formed  from  -Si.  Two-dimensional  (2-D)  photonic  crystals  have  been  fabricated  in  -Si 37  and  silicon  nitride  (Si3N4) 38 
waveguides. 

4.1.  Temperature  dependence  of  the  porous  silicon  photoluminescence 
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Figure  4.1.  PL  spectra  of  porous  silicon  in  the  10  -  300  K  temperature  range. 
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Figure  4.2.  Temperature  dependence  of  porous  silicon  PL  intensity  at  the  emission  band  maximum.  Intensive 
quenching  starts  at  200  K. 

Figure  4.1  shows  the  PL  spectra  of  the  porous  silicon  measured  in  the  550  -  900  ran  wavelength  and  in  the  10  -  300  K 
temperature  range  at  a  constant  excitation  laser  intensity  of  0.005  W  cm  *.  A  broad  PL  band  centered  at  750  nm  (Ep  = 
1.698  eV)  at  10  K  is  observed.  The  PL  spectra  have  approximately  a  Gaussian  lineshape.  The  PL  intensity  decreases 
with  increasing  temperature.  This  feature  is  typical  of  the  PL.  which  is  due  to  donor-acceptor  pair  transitions  observed 
in  semiconductors.  The  variation  of  the  PL  peak  with  respect  to  temperature  is  plotted  in  the  figure  4.2.  In  the  10  -  150 
K  range,  the  PL  intensity  decreases  slowly.  Above  200  K.  however,  the  PL  intensity  decreases  at  a  larger  rate  due  to  a 
thermal  quenching  process.  The  activation  energy  AE  for  this  thermal  quenching  process  can  be  derived  in  the  200  - 
300  K  temperature  range  using  a  nonlinear  least  squares  fit  to  the  following  equation,  I  =  I0  exp  (AE/kDT),  where  I  is 
the  PL  intensity,  I„  a  proportionality  constant,  and  kB  the  Boltzmann’s  constant.  The  semilog  plot  of  the  emission  band 
intensity  as  a  function  of  the  reciprocal  temperature  gives  a  straight  line  in  the  200  -  300  K  region.  An  activation  energy 
of  E„  =  0.009  eV  for  the  emission  band  is  derived  from  the  slope  of  the  straight  line  fit.  This  activation  energy  is 
associated  with  a  shallow  level  located  at  0.009  eV  from  the  band.  This  shallow  level  in  porous  silicon  may  be 
associated  with  the  presence  of  defects  and  unintentional  impurities. 


MM 


Figure  4.3.  Medium  resolution  AFM  of  the  porous  silicon  surface. 
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4.2.  Surface  morphology  of  the  porous  silicon 

Atomic  force  microscopy  (AFM)  has  been  performed  the  on  the  porous  silicon  samples  to  characterize  the  morphology 
of  the  surface  and  to  analyze  origin  of  the  luminescence.  The  surface  of  the  porous  silicon  is  rather  rough.  The  bulk  of 
the  material  is  composed  of  globules  of  as  we  have  seen  in  porous  silicon.  Figure  4.3  shows  the  medium  resolution 
AFM  picture  of  the  porous  silicon  surface. 


5.  BLACK  SILICON 

Ordinarily,  silicon  absorbs  a  moderate  amount  of  visible  light,  but  a  substantial  amount  of  visible  light  is  reflected  as 
well,  and  infrared  and  ultraviolet  light  are  transmitted  through  silicon  or  reflected  from  it  with  very  little  absorption. 
Spiked  silicon  surfaces,  in  contrast,  absorb  nearly  all  light  at  wavelengths  ranging  from  the  ultraviolet  to  the  infrared. 
This  suggests  it  may  be  very  useful  in  improving  the  performance  of  existing  silicon  devices,  such  as  photodetectors 
and  photovoltaics.  Mazur  group  recently  discovered  that  irradiation  of  silicon  surfaces  with  femtosecond  laser  pulses  in 
the  presence  of  a  halogen  containing  gas  transforms  the  flat,  mirror- like  surface  of  a  silicon  wafer  into  a  forest  of 
microscopic  spikes.39'40  The  spiked  surface  is  strongly  light-absorbing:  the  surface  of  silicon,  normally  gray  and  shiny, 
turns  deep  black;  hence  the  name  black  silicon. 

5.1.  Temperature  dependence  of  the  PL  from  the  black  silicon 
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Figure  5.1.  PL  spectra  of  black  silicon  in  the  10  -  300  K  temperature  range. 


Figure  5.1  shows  the  PL  spectra  of  the  black  silicon  measured  in  the  550  -  850  mn  wavelength  and  in  the  10  -  300  K 
temperature  range  at  a  constant  excitation  laser  intensity  of  0.1  W  cm"2.  A  broad  PL  band  centered  at  630  nm  (Ep  = 
1.968  eV)  at  10  K  is  observed.  The  PL  spectra  have  approximately  Gaussian  lineshape.  The  PL  intensity  decreases  with 
increasing  temperature.  The  variation  of  the  PL  peak  with  respect  to  temperature  is  plotted  in  the  figure  2.  In  the  10  - 
120  K  range,  the  PL  intensity  decreases  slowly.  Above  120  K,  however,  the  PL  intensity  decreases  at  a  larger  rate  due 
to  a  thermal  quenching  process.  The  activation  energy  AE  for  this  thermal  quenching  process  can  be  derived  in  the  120  - 
300  K  temperature  range  using  a  nonlinear  least  squares  fit  to  the  following  equation,  I  =  I0  exp  (AE/kBT),  where  I  is 
the  PL  intensity,  I0  a  proportionality  constant,  and  kB  the  Boltzmann's  constant.  The  semilog  plot  of  the  emission  band 
intensity  as  a  function  of  the  reciprocal  temperature  gives  a  straight  line  in  the  120  -  300  K  region.  An  activation  energy 
of  Ea  -  0.006  eV  for  the  emission  band  is  derived  from  the  slope  of  the  straight  line  fit.  This  activation  energy  is 
associated  with  a  shallow  level  located  at  0.006  eV  from  the  band.  This  shallow  level  in  black  silicon  may  be  associated 
with  the  presence  of  defects  and  unintentional  impurities. 
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Figure  5,2.  Temperature  dependence  of  black  silicon  PL  intensity  at  the  emission  band  maximum.  Intensive 
quenching  starts  at  120  K. 
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Figure  5.3.  Medium  resolution  AFM  of  the  black  silicon  surface. 
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5.2. 


Surface  morphology  of  the  black  silicon 

Atomic  force  microscopy  (AFM)  has  been  performed  the  on  the  black  silicon  samples  to  characterize  the  morphology 
of  the  surface  and  to  analyze  origin  of  the  luminescence.  The  surface  of  the  black  silicon  is  optically  black  and  consists 
of  conical  layers.  The  bulk  of  the  material  is  composed  of  globules  of  black  silicon  and  is  similar  to  -Si.  Figure  5.3 
shows  the  medium  resolution  AFM  picture  of  the  black  silicon  surface. 


6.  CONCLUSIONS 

Bulk  luminescence  properties  of  hydrogenated  amorphous  silicon  nitride  (a-SiNx:H),  porous  silicon,  and  black  silicon 
were  studied  at  room  temperature  and  at  low  temperatures.  The  PL  emission  intensity  increases  at  low  temperatures  due 
to  the  lack  of  thermally  excited  phonons.  The  emission  spectrum  stays  broad  even  at  low  temperatures.  The  broad 
luminescence  spectrum  even  at  low  temperatures  is  a  results  of  the  heterogenous  size  distribution  of  the  amorphous 
silicon  quantum  dots.  This  heterogenous  size  distribution  is  further  confirmed  by  atomic  force  microscopy  (AFM) 
measurements  of  the  sample  surface.  The  broad  PL  spectrum  of  the  a-SiNx:H,  porous,  and  black  silicon  makes  them 
suitable  sources  for  wavelength  division  multiplexing  (WDM)  applications. 
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ABSTRACT 

Theoretical  work  of  our  group  is  placed  in  the  general  frame  of  efforts  to  improve  numerical  performance  and 
efficiency  of  rigorous  coupled-wave  analysis  of  grating  diffraction.  Mathematical  transformation  of  Maxwell  equations 
for  a  multi-layered  structure  to  evolution  equations  in  functional  space  is  presented.  By-construction  numerically  stable 
symbolic  algorithm  to  solve  these  equations  using  the  notion  of  in-layer  scattering  operator  is  proposed.  On  the  base  of 
this  algorithm  a  toolbox  for  simulation  of  diffraction  from  multi-layered  grating  structures,  implemented  by  a 
graphical  user  interface  is  developed.  An  example  of  simulation  using  this  in-house  software  is  exposed. 

Keywords:  Diffraction  theory,  multi-layered  structure,  mode-matching  methods,  5-matrix  algorithm,  grating 

1.  INTRODUCTION 

If  smallest  feature  of  diffractive  optical  element  (DOE)  scales  down  to  operation  wavelengths  no  approximate  theory 
like  scalar-diffraction  or  effective-medium  still  holds.  Hence  using  of  the  full- vector  electromagnetic  diffraction  theory 
to  design  and  simulate  performance  of  DOE  in  that  resonance  domain  becomes  unavoidable.  Among  various  methods, 
rigorous  coupled- wave  analysis  (RCWA)  of  grating  diffraction  is  the  most  widely  used  technique.  In  different  versions, 
it  is  nowadays  well  documented  in  the  literature,1  yet  several  comments  seem  to  us  worthwhile. 

Due  to  employing  the  Fourier  series,  RCWA  is  compatible  with  the  Fourier  optics  and  the  effective-medium  theory, 
in  their  respective  domains  of  validity  and  treats  multi-layered  gratings  on  equal  footing  with  one-layer  ones.  In  spite 
of  this  versatility,  to  the  beginning  of  1990's  there  emerged  strong  evidence  that  either  for  TM  or  conical  diffraction 
from  deep  well  gratings,  large  well  number  of  grating  layers  and  gratings  made  of  highly  reflective  materials,  the  pre¬ 
existed  RCWA  algorithm  proved  numerically  unstable  and  poorly  convergent.  Since  then,  RCWA  was  revised  by 
using  5-matrix  algorithms2’3  and  by  changing  the  map  of  the  propagation  matrix  for  the  conical4  and  TM5'6  diffraction. 
This  lead  to  the  numerical  stability'  and  to  dramatic,  mathematically  founded,8  improvement  of  the  convergence.  For 
the  thus  recast  RCWA,  the  term  Fourier  modal  method  (FMM)  is  nowadays  usable. 

Our  group  faced  those  problems  in  the  beginning  of  1993,  when  started  a  project  on  optical  and  thermal-emission 
properties  of  gratings  in  silicon  initiated  by  the  group  of  Zemel.9  No  in-depth  discussion  on  the  problems  encountered 
in  the  grating-diffraction  simulation  algorithms  was  present  to  that  time  in  the  optics  literature  until  the  appearance  of 
an  analysis10  of  the  convergence  in  the  RCWA  context,  and  a  study11  of  the  numerical  instability  in  the  framework  of 
eigen-function  modal  method  (EMM).  Independently  of  the  latter  study,  present  authors  reported2  on  numerical 
instability  they  found  in  the  RCWA-based  simulations  of  the  diffraction  from  one-layer  gratings  on  silicon  substrate. 
The  both  studies  revealed  the  same  cause  of  the  numerical  instability  —  the  accumulation  of  large  exponentials  in  the 
EM  fields  matching  between  layers,  when  propagating  the  solution  from  the  top  to  the  substrate  -  and  developed  two 
different  modifications  of  the  standard  solution-propagation  algorithm  within  EMM  and  RCWA,  respectively.  Li 
applied11  an  /^-matrix  algorithm  borrowed12  from  chemical  physics,  which  proved  stable  only  conditionally.7  We 
considered2  an  5-matrix  transformation,  which  lead  to  by-construction  stable  algorithm  extended  by  us6  to  multi¬ 
layered  grating  structure  (MLGS). 
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The  solution-propagation  algorithms  are  not  specific  for  discretization,  based  it  either  upon  the  Fourier"  3  or  the 
eigen-functions6*10  expansion  series.  But  the  question  of  convergence  within  RCWA  can  hardly  be  detached  from  that 
of  overall  simulation  efficiency  unless  the  algorithm  made  stable,  since  in  this  method  the  associated  eigen-value 
problem  changes  at  increasing  the  truncation  order.  Unluckily,  power  conservation  test  proved  useless  for  testing  the 
convergence  since  it  holds  in  RCWA  with  a  high  accuracy,  irrespective  of  the  algorithm  employed  for  solution 
propagation.  Reformulation  of  RCWA  with  5-matrix  algorithm2  facilitated  us,6  independently  of  other  groups,4*5  to 
single  out  of  all  possible  such  map  of  the  propagation  matrix  for  the  TM-polarization  that  provides  the  improved 
convergence. 

The  present  paper  is  devoted  to  the  conical  diffraction  from  MLGS  upon  irradiation  by  elliptically  polarized  plane 
wave.  In  Section  2,  Maxwell  equations  for  general  multi-layer  structure  are  reduced  to  generalized  wave  equation,  and 
an  algorithm  of  the  interlayer  matching  of  its  solution  is  developed.  In  Section  3,  using  recast  Fourier-factorization 
rules8  for  discretization,  the  eveloped  is  applied  to  the  MLGS  diffraction.  In  Section  4,  a  numerical  realization  of  our 
method  and  an  MLGS  diffraction  simulation  toolbox  implemented  with  graphical  user  interface  (GUI),  are  presented. 


2.  BASIC  EQUATIONS 


2.1.  Statement  of  the  problem  and  reduction  of  Maxwell  equations 

Consider  a  structure  of  L  plane  layers,  putting  the  coordinate  system  so  that  z-axis  is  perpendicular  to  the  layers 
planes,  which  are  assumed  infinite  both  in  the  x  -  and  y  -  direction.  The  layers  are  numbered  by  p  =  1,  ...  L,  while/?  = 
0,  L  +  1  number  the  ambient  media  above  and  beneath  the  structure,  respectively.  In  general,  such  a  structure  may  be  a 
two-dimension  ally  (2D)  structured  stack,  in  each  layer  of  which  the  dielectric  susceptibility  zip)  depends  both  on  x  and 
y.  An  EM  radiation,  which  impinges  the  structure  from  the  top  (see  Fig.l),  is  partially  reflected  from  and  transmitted 
through  it.  Maxwell  equations  for  the  Cartesian  components  of  the  time-harmonic  EM  fields  E  =  (£v,  Ey ,  E-),  H  =  (Hx, 
Hy ,  //.),  in  the  structure's  part  number  p  have  the  form 


8yE(.p) -5.e\p) 
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=  ikH{p).  8.h\p)  -8  H[p)  =  -ikz(p)E\p)  . 
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(1) 


Here  k  =  2tu//-  and  X  are  the  vacuum  wave  number  and  wavelength,  respectively.  Let  z  =  zp  is  the  equation  of  the  lower 
interface  of  the  layer  number  p  (see  Fig.l).  Then  in  Eq.l,  zp<z<  zp- 1  for  1  <  p  <  L,  0  <  z  <  for  p  =  0,  and  -oo  <  z  < 
Zl  for  p  =  L  +  1.  The  curl-H  subsystem  of  Eq.l  is  intentionally  written  as  if  s{p)  is  a  diagonal  tensor  with  the  different 
components  along  different  axes.  This  will  remind  us  that,  even  though  zip)  is  isotropic  in  the  real  space,  its  correct 
map  onto  the  Fourier  space  may  contain  essential  anisotropy  (see  below). 


The  z-components  of  E  and  H  can  easily  be  excluded  using  the  bottom-line  equations  in  Eq.l,  after  which  it 
reduces  to  a  4x4  system  of  coupled  differential  equations  for  the  electric  and  the  magnetic  wave  functions,  built  of  the 
remaining  field  components  as  follows 
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We  write  down  the  above  system  in  the  propagation-type  form  using  shortened  super-vector  and  super-matrix 
notations 
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where  O  is  the  2x2  zero  matrix  and 
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=l/c^)is  the  inverse  ‘^-component'  susceptibility.  For  surface-relief  structures,  of  given  by  Eq.4  the  2x2 

matrix  operators,  all  the  components  of  the  first  one  are  strongly  singular  due  to  emergence  of  the  division  between  the 
5  operators,  while  the  off-diagonal  components  of  the  second  are  only  weakly  singular  due  to  emergence  of 
multiplication  by  jumped  susceptibility.  For  recorded  (volume-holographic)  structures,  all  the  operators  involved  are 
smoothly  regular. 

For  further  basic-level  discussion  it  is  instructive  to  pass  from  Eq.3  to  the  second-order,  with  respect  to  z, 
differential  equations  for  anyone  of  the  two-component  wave  function 
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When  obtaining  Eqs.6  we  performed  operator  multiplication  formally,  but  detailed  analysis  shows  that  all 
cancellations  emerged  in  that  course  are  mathematically  justified;  the  resulting  operators  prove  more  singular  than  the 
multipliers.  In  this  section  we  ignore  the  singularity  of  the  operators  given  by  Eqs.4  and  6  and  will  return  to  this  issue 
in  Subsection  2.3.  Treated  as  an  evolution  equation  in  an  abstract  vector  space,  where  all  the  operators  involved  act, 
Eq.5  may  be  solved  symbolically  using  the  notions  of  square  root  and  exponential  operator- valued  functions.  Let  us 
take  the  wave  solution,  omitting  from  now  on  the  index  of  the  wave  function  type,  in  the  following  form 


T<0>  =  expl  /faQ 


,<0) 


:  (0) 


-bexp  -  ikzQ 


(0) 
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for  z  in  the  ambient  top  (here  superstrate),  and 

T(p)  =  exp (ik(z  -  Zp_i  )dp) )  •  |(p)  +  ex/-  ik(z  -  zp_i  )Q(P))  •  n(p)  (7b) 

for  z  in  the  layers,  p  =1,...,L,  and  in  the  ambient  medium  beneath  (here  substrate),  p  =  L  +  1;  Qip)  is  one  of  two 
operators  ,  which  satisfy  the  operator  ‘square-root'  equation 

[Q{p)]2  =^(p),  (8) 

and  q(/})  and  q(/;)  are  yet  unknown  functions  of  a*  and  y,  i.e.  independent  of  z  vectors  in  the  functional  space  considered, 
to  be  determined.  Solution  to  Eq.8  is  not  unique  so  let  us  specify  Qip)  more,  namely  to  fix  Qlp)  be  such  that  its  spectrum 
would  lie  in  the  upper  complex  half-plane  (including  the  real  axis).  By  an  analogy  with  scalar  (one-channel)  scattering 
two  exponentials  in  the  right-hand  side  of  Eqs.7a,  b  may  be  considered  as  backward  and  forward  scattered  waves  so 
that  r|(0),  c(0)  and  r\{L+l)  are  the  wave  amplitudes  of  incident,  reflected  and  transmitted  beams,  respectively.  The  above 
analogy  holds  for  modes  of  Q{p)  with  the  spectrum  lying  in  the  upper-right  complex  plane  quadrant  that  is  true  for 
homogeneous  media,  but  may  invert  for  structured  layers.  The  Qip)  modes  with  both  propagation  directions  possess 
attenuation ,  if  any. 
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2.2.  Matching  of  inlayer  solutions  and  symbolic  S-operator  algorithm 

To  determine  c</;)  and  r{l}\  the  partial  solutions  of  Eqs.7a,  b  should  be  matched  at  the  layers  interfaces  using  the  EM 
boundary  conditions,  which  express  the  continuity  of  the  wave  functions  versus  z 

T(p)  =T(P+ 1)  [M(p)YlS  T(p)  =[M(P  +  l)rld  '¥(p  +  l)  (9) 

c=cp+0  z-zp-0  :  z-zp+0  *  z~zp-0 

Eqs.7a,  b  together  with  Eq.9  give  the  system  of  matching  equations 

[C(p)Ylc(p)  +C(p)r\(p)  =c(p  +  X)- Mi(/,  +  1)  Q) 

Q(p){[C(p)YliiP) -Cip\'p)}  =  Q(P+l)[c,ip  +  l) -ri(p  +  1)] 

where  for  p  =1 

C1'"  =a^ithpQw),  Q,p>  =[Atl'”]'lQ1'”.  01) 

lt>  =  z  is  the  depth  of  pth  layer  and  C<0)  =  J  is  the  identity  operator.  The  radiation  conditions,  stating  that  the 
only  propagated  forward  at  z  >  0  is  the  incident  wave  with  a  given  amplitude  r|(0)  and  no  wave  is  scattered  backward  at 
z  <  z,  so  that  the  amplitude  ?,L+1>  is  put  to  the  zero  vector,  formally  close  the  system  of  Eq.10. 

Any  numerical  approach  to  the  problem  considered  employs  discretization.  It  consists  of  either  exact  mapping  of 
the  abstract  vectors  and  operators  involved  onto  countable-component  vectors  and  matrices  with  subsequent 
truncation,  or  of  sampling  T*"’  and  s,p)  with  replacing  the  derivatives  by  finite  differences  that  approximates  all  the 
functions  and  operators  by  vectors  and  matrices  of  finite-dimension  M  (truncation  order).  Modal  methods  until  1993, 
whatever  discretization  they  used,  were  dominated  on  the  matching  stage  by  so-called  T-matrix  algorithm,  which 
propagates  simultaneously  c'"’  and  q(p)  using  system  of  Eq.10  and  is,  potentially,  unstable  numerically.  Really,  though 
C'”  is  a  bounded  operator  due  to  our  choice  of  <3';”,  [C(,’T‘  proves  unbounded  since  Q'"'  is  certainly  unbounded.  So 
with  every  discretization,  the  matrix  map  of  [Ctp)]'  will  contain  elements  exponentially  growing  with  the  increase  of 
h,  or/and  M.  Therefore,  if  M  is  large  many  factors  with  real  positive  exponents  are  met  in  Eq.10,  their  magnitudes 
being  enormously  large  unless  khp  — >  0.  Owing  to  the  presence  of  growing  exponentials  matrix  manipulations  requiied 
for  solving  Eq.10  may  fail  numerically  even  for  one  layer.  Otherwise,  let  L  is  large  and  M  is  not,  but  at  least  one 
attenuated  mode  is  involved  in  each  layer.  Due  to  recurrence  type  of  Eq.10,  the  exponential  instability  may  develop 
readily  when  multiplying  L  times  2x2  block-matrices  with  M  /  M  matrix  blocks  which  contain  real  elements  much 
larger  than  unity.  With  both  M  and  L  large  enough  the  appearance  of  such  instability  is  almost  inevitable,  on  what 
really  was  reported  in  a  number  of  papers. 

Since  it  is  the  backward  scattered  amplitudes  Z{p)  propagation  that  results  in  numerical  instability,  a  transformation 
of  Eq.10  to  an  equivalent  system  that  doesn't  contain  q(p>  at  al1  would  allow  one  to  get  rid  of  the  instability  problem 
prior  to  disctretization.  To  this  end,  let  us  use  the  scattering-theory  paradigm,  according  to  which  the  out-  and  in¬ 
going  wave  amplitudes  should  be  connected  to  each  other  linearly 

l(P)  =  S(p)r\ip),  (12) 

where  S'p)  is  scattering  operator  (S-operator).  This  transformation  is  consistent  with  Eq.10  and  uncouples  in  two 
separate  recurrence  relations  —  the  backward  one  for  the  S-operators 

s(p)  =C(p,[Q</,)  +0(p+1,O(p+1)r1  •[Qlp)  -dp+l)D{p+l)]C{p),  (13a) 

where  rD(p)  =  [I  +  Sip)  [T  -  S(p)] ,  with  the  initial  condition  S,L+l)  =  0,  and  the  forward  recurrence  relations 
for  the  amplitudes  p1'"1 

Vp+1)  =  2[j + lslp+1)  ]_1  [<3<p)  +dp+l)&p+l)YlQ(p)cipWp),  (13b) 
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Any  discretization  will  map  symbolic  solution  propagation  procedure  developed  above  to  an  executable  by¬ 
construction  unconditionally  stable  algorithm.  This  5-matrix  propagation  algorithm  (SMPA) 2,6  is  generically  different 
from  those  due  to  Cotter  et  c//.3  and  Li.7  In  addition  to  apparent  analogy  with  the  5-parameters  method  in  the  theory  of 
circuits,  SMPA  proved,  incidentally,  a  matrix  generalization  of  the  Parratt  algorithm  13  for  the  X-rays  reflection  from 
multi-layer  stacks. 


3.  DIFFRACTION  FROM  MLGS  IN  CONICAL  MOUNTING 

Here  we  apply  the  above  results  to  the  case  of  a  one-dimensional  (ID)  MLGS,  where  independent  of  v  zip)  are  periodic 
functions  of  a  at  most  with  the  same  period  A  (for  homogeneous  layer  e(p)  is  constant),  postponing  the  diffraction 
analysis  of  2D  MLGS  to  separate  consideration.  Since  in  infinite  medium  every  beam  is  presented  as  superposition  of 
plane-wave  beams,  the  present  treatment  is  devoted  to  the  irradiation  by  plane-wave;  finite-beam  cases  will  be 
considered  elsewhere. 

Let  k/  is  the  incidence  wave  vector.  Due  to  Fig.  1,  and  Eq.  1  for  p  =  0,  it  is  connected  to  the  incidence  angles  9,  cp  by 

k  =  sinScoscp,  k.  =  -k^  sinSsincp,  k.  =-£(0)  cosS;  k(0)  =  k'Jz^  .  (14) 

ix  ly  iz 

The  presence  of  grating  even  in  one  layer  dictates  the  quasi-periodicity  (Floquet)  condition  for  the  EM  field  in  every 
part  of  the  structure,  which  may  be  satisfied  by  the  Fourier  (Fourier-Floquet,  more  correctly)  modal  series 

+  x'  j\  k  x  +  k  v  o-T T 

¥p)  =  Y  yp)(z)e  ^  nx  ,y'J  k„=kix+Kn,K=—,  (15) 

n  =  -cc 

where  the  Fourier  components  \|  f\P\z)  represent  a  vector  map  of  the  wave  function  in  2xoc  dimensional  Hilbert  space. 

To  realize  actually  executable  SMPA  in  place  of  symbolic  Eqs.lSa,  b,  we  should  also  map  the  operators  Mip)  (Eq.4) 
and  J\(p)  (Eqs.6a,  b)  concordantly  with  Eq.15.  To  this  end,  the  operators  of  partial  differentiation  and  of  multiplication 
by  the  susceptibility  and  its  inverse  should  properly  be  mapped.  To  8X  and  dy  correspond  multiplying  the  components 
of  a  Hilbert-space  vector  by  jknx  and  jkiy,  respectively.  If  &{p)(x),  and  hence  Kip)  (a),  is  continuous  as  with  recorded 
gratings,  to  that  multiplication  correspond  the  Laurent-rule  convolution,  which  in  the  Hilbert  space  is  equivalent  to 
multiplication  by  the  infinite  matrices  [?!p)]  and  [\c{p)]  with  the  elements  expressed  via  the  corresponding  Fourier 
coefficients  by 


The  above  rule  holds  also  for  laminated/etched  gratings  in  the  case  where  the  multiplied  function  is  continuous,  e.g. 

when  Fourier  factorizing  DVmZ  =  8 ip)EXtV.  Thus  to  8^  there  corresponds  and  hence  to  K(p)  the  inverse  matrix 

[s^]"1.  At  the  same  time,  Dx  =  dp)Ex  due  to  its  continuity  is  better  Fourier-factorized  following  the  recast  rule,8  in 

which  the  map  of  8 \p)  proves  the  inverse  matrix  [k(/>)]  this  is  simply  the  second  rule  of  Eq.16  applied  to  the 

inverted  product  Ex  =  k {p)Dx.  Using  these  rules  we  readily  calculate  the  required  maps  of  Eqs.4  and  6,  distinguishing 
them  by  hat  above,  to  get 

-yv[y,]  -[e(p)]  +  [yA.]2 

-y;[/]  +  [K(p,r1  yv[yv] 

(17) 

where  yv  =  kiy/k,  [yA]  is  the  infinite  diagonal  matrix  with  the  elements  ynx  =  k,Jk,  and  [/]  is  the  identity  matrix.  Further 


M(p)  = 

EH 


yv[y  v]-[s<p)r‘ 

[/]-[y.v]-[B(p,r‘[yv] 

,m{£  = 

-[/]+ y;[c(p)r‘ 

-y,b(p,r1[yA.] 

HE 
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iP) 


]  =g(p)  =  — f 

-Uim  n-m  J 


s  (p\x)ejK(n~m)x  dx,  [Kip)l 
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A  *  r(p)/ 


jK(n-n 


dx 


(16) 
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(18a) 


p)  { [/]  -  [ya.  ]  ■ •  [e(p)  r 1  •  hx  1 }  •  [k( p)  r 1  -  Y  l  M  [^] 

!  ~  Y v { [s(p) F 1  •  [yx l ■  [k(p) r 1  - [y v ] }  b(p)]-hxl2-i), [I]  ' 

[z(p)]-hx]2-yp] 

yv{[yx]-[K(p)rl  [yx]  ^(p)r1}  t^T1  {[/]-[ya] -[^(p)r 1  -[yx]}-y2yU] 


(18b) 


where  [ O ]  is  the  zero  matrix.  Then  the  infinite  vectors  and  matrices  should  be  truncated  by  cutting  indices  of  the 
Fourier-components  within  finite,  e.g.  symmetric  |/i|  <  N,  limits.  The  above  mapping  formulas  were  empirically  found 
to  provide  good  convergence  at  increasing  M  =  IN  + 1 .4  6  Two  different  rules  used  before  1996  mapping  s IJ  (x)  and  k 
(x),  whatever  field  component  they  multiply,  onto  matrices  of  Eq.1614  and  another10'15  onto  [k1'”1]  and  [e,,Jl]  , 
respectively,  proved  to  result  in  slow10  or  even  poor6  convergence.  Our  reasoning  was  to  match  effective-medium  limit 
that  is  exact  at  7JA  »  1,  which  lead  to  two  rules,  quite  different  from  pre-existed  ones.  The  correct  rule  resulting  in 
Eqs.17,  18  was  then  singled  out  by  numerical  testing.6 

The  reduced  form  of  matrices  given  by  Eq.18  -  with  zero  upper  right  angle  sub-matrices  -  holds  for  all  above  rules 
of  mapping.  Due  to  this,  the  2M/2M  conical-diffraction  eigen-value  problem  reduces  to  two  independent  M/M  TE  and 
TM  planar-diffraction  eigen-value  problem  (shifted  by  a  unique  constant),  which  make  it  possible  to  shorten  the 
simulation  time  to  only  twice  larger  than  that  in  the  planar-diffraction  cases.  In  the  present  study  we  considei  the 
most  general,  elliptically  polarized,  plane  wave  described  by  geometric  phases  5  and  a;17  only  linearly  polarized  beam 
incidence  was  considered  in  the  RCWA  framework  to  our  knowledge  (see  ‘  and  ieferences  theiein). 


4.  NUMERICAL  AND  GRAPHICAL  IMPLEMENTATIONS 

4.1.  MLGS  diffraction  toolbox  in  MATLAB 

For  numerical  simulations  we  employed  MATLAB®.  This  multi-profile  software  fits  ideally  our  needs  since  its  native 
objects  are  vectors  and  matrices  and  all  linear-algebra  manipulations  (including  matrix  functions)  with  updated 
packages  are  available  in  MATLAB.  In  addition  updated  nonlinear  programming  packages  are  facilitated  in 
Optimization  Toolbox  of  MATLAB.  Several  other  considerations  motivated  using  MATLAB;  among  these  are  high 
programming  efficiency  —  the  performance  of  most  MATLAB  codes  is  only  a  bit  lower  than  that  of  corresponding,  say, 
C++  codes  —  and  elegant  graphical  user  interface  (GUI)  builder.  Last,  but  not  least,  aspect  of  that  convenience  is  that 
MATLAB  is  well  supported  by  all  PC  and  UNIX  platforms. 

The  above  toolbox  contains  program  and  design  blocks.  Program  block  contains  main  routine,  which  is  user- 
defined  MATLAB  function  (M-file)  coding  SMPA  (Eqs.12,  13),  M-files  of  objective  functions  calculating,  using 
outputs  of  main  routine,  the  EM  fields  in  far-field  zone,  describing  the  diffraction,  nearby  and  inside  MLGS.  Until 
discretization  is  not  stated  main  routine  looks  like  a  symbolic  record  of  Eqs.12,  13,  which  calls  external  routines  foi 
calculating  the  matrices  required  for  actual  execution.  For  FMM  we  actually  use,  M-files  of  the  latter  routines  are  also 
present  in  program  block.  Open  architecture  of  our  toolbox  permits  using  any  other  method  of  discretization  without 
changing  main  routine.  Design  block  contains  MATLAB  scripts  (run  M-files)  of  optimal  designs.  According  to 
optimal  optical  characteristic  desired,  suitable  script  calls  appropriate  routine  of  MATLAB  Optimization  Toolbox  and 
directs  specific  objective  function  with  such  external  parameters  as  grating  period,  filling  factors,  layers  thicknesses 
etc.  to  be  optimized. 

4.2.  Description  of  GUI 

In  order  to  automate  the  simulations  of  the  previously  described  MLGS  diffraction  model  with  our  toolbox  for  a 
custom  user,  we  have  developed  a  unique  GUI  we  named  Multi-Layer  Grating  Diffraction  Simulator  (MGDS).  Fig. 2 
illustrates  the  hierarchical  structure  of  the  simulation  platform.  At  the  base  is  the  “simulation  model”,  which  performs 
the  actual  mathematical  manipulation  of  the  MLGS  diffraction.  Above  it  is  the  “simulation  control  block  ,  which 
comprises  two  parallel  components:  The  “control  data”  which  serves  as  the  container  of  various  data  in  the  simulation, 
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this  component  was  divided  to  the  device  structure  parameters  and  to  the  EM  source  variables  that  have  interaction 
with  the  device.  The  “control  program”  is  a  set  of  routines  activating  the  simulation  predefined  by  the  “control  data”. 
The  top  layer  in  the  figure  is  the  GUI,  with  which  the  user  can  fulfil  the  whole  simulation  process,  including  data 
saving  /  loading  /  creating  /  editing,  simulation  starting  /  stopping  and  controlling  the  results  output  format  (one  /  two 
/  three  dimensions  and  variable  resolution). 

We  use  the  GUI-MATLAB®  new  sub-function  for  passing  output  arguments  to  the  command  line  with  the  hObject 
and  Handles  structure,  which  handle  the  figure  and  user  data.  The  usage  of  those  sub-functions  and  formation  of 
chaining  array  with  reference  cell  point  for  each  system  variant,  based  on  its  structure  location,  enables  us  to  maximize 
the  simulation  performance.  On  start-up  the  MGDS  interface  presents  to  the  user  with  window  that  contain  five  data 
blocks  as  shown  in  Fig. 3;  this  main  frame  was  designed  to  enable  the  user  minimum  interaction  with  the  MLGS 
diffraction  toolbox  software  with  maximum  flexibility  in  the  “Control  Data”  and  the  “Control  Program”  modules.  The 
first  three  blocks  include  the  system  constants,  MLGS  characterization  and  MLGS  substrate/superstrate 
characterization  (all  contained  in  the  “Control  Data”  module). 

System  constants:  User  defines  the  EM  beam  and  incidence  parameters  and  coordination  for  the  interaction  as  well 
as  the  device  grating  constants.  The  optical  constants  are  input  either  manually  or  imported  from  the  database 
available.  MLGS  characterization:  Each  MLGS  may  contain  grating  /  homogeneous  layers,  excluding  the  substrate 
and  superstrate.  The  latter  are  defining  in  MLGS  Sub  /  Sup  characterization  block. 

4.3.  Simulation  example 

Let  us  consider,  as  demo  example,  simulation  of  grating-wave-guide  resonance  (GWR)  reflection  from  MLGS 
containing  three  layers  -  a  buffer  polymer  layer,  0.5  duty-cycle  grating  layer  comprising  polymer  and  silicon  nitride, 
silicon  nitride  wave-guide  layer  -  and  a  silicon  dioxide  substrate.  The  GWR  phenomenon  was  described  from  both 
optical  and  physical  viewpoints  in  detail  (e.g.18  and  references  therein).  Here  we  briefly  consider  the  transformations  of 
the  reflectance  peak  upon  introducing  planar  and  conical  angular  offsets  from  the  normal  incidence.  The  results  of 
simulation  using  our  in-house  software  are  shown  on  Fig.4. 
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Figure  1.  Multi-layered  structure  irradiated  by  an  incident  beam  (arrow) 


Figure  2.  Hierarchical  structure  of  the  simulation  platform 
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Figure  3.  Front  end  of  MGDS 
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Reflectance  Efficiency  Spectrum 
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Figure  4.  Degradation  of  GWR  reflection  performance  of  a  MLGS 
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